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“Advanced Pulse Laser Machining Technology” is a rapidly growing field that can
be tailored to special industrial and scientific applications. This is significantly driven by
the availability of high-repetition-rate laser sources and novel beam delivery concepts. In
recent publications, Saraceno et al. [1], Schille and Loschner [2], and Weber and Graf [3]
presented graphs of the development of ultrashort-pulse laser technology over the past few
decades (see the synthesis of data from [2,3] provided in Figure 1). Obviously, the average
power of ultrafast lasers follows a type of Moore’s law, leading to the doubling of the
average power of these lasers every two years [4]. Additionally, the average power attained
by the lasers in research laboratories precedes the average power of standard industrial
lasers by about ten years [3], visualized here as the horizontal separation between the
two lines in Figure 1. The impressive progress in laser technology currently culminates in
the availability of a fiber-laser-based average power of 10.4 kW at a 1.4 um wavelength,
254 fs pulse duration, and 80 MHz repetition rate [5]. Currently, the industrial standard is
ultrashort-pulse lasers emitting average powers of the order of 100 W.
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Figure 1. Progress in ultrafast laser technology featuring an exponential increase in the average
output power over the past 20 years. The plot is a synthesis of data, indicating the related laser
technology (fiber, thin disk, and InnoSlab) as fully colored data points [2], as well as their realization

in laboratories or as commercial industrial products as open black data points [3]. The black lines
guide the eye.

For industrial use, the high output power of ultrafast lasers must be directed to the
workpieces to be machined by appropriate beam guidance and deflection systems [6]. For
many materials such as metals and semiconductors, moderate laser fluences (i.e., laser pulse
energies) are sufficient to process the workpiece with high precision and efficiency [7-9].
Therefore, high laser pulse repetition rates up to the above-mentioned MHz level can be
utilized to significantly reduce the processing times. This requires extremely fast beam

Materials 2023, 16, 819. https:/ /doi.org/10.3390/ma16020819 1
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References

deflection systems, possibly coupled with optics for multibeam processing. In a recent
study, an area processing rate up to 3.8 m?/min was demonstrated with a single-pass raster
on steel sheets with a scanning speed of the laser beam of 950 m/s [10]. The key element of
the experimental setup was a polygon scanner [11] in connection with a MHz laser system.

The Special Issue addresses not only the advantages of modern laser processing using
short and ultrashort laser pulses, but also limitations caused by unwanted secondary
hazards such as X-ray emissions. This phenomenon is not completely new and was
described for laser machining applications using ultrashort laser pulses with repetition
rates of the order of 1 kHz two decades ago [12-14]. However, the use of high pulse
repetition rates in the multi-100 kHz range and burst pulses has recently exacerbated the
problem [15-21]. Therefore, it is a pleasant fact that five publications in this Special Issue
discuss this problem area in detail and, thus, make an important contribution to the field of
combined laser and radiation protection for improving work safety aspects [22-26].

The use of laser pulse bursts enables new process regimes for metals and allows for an
increase in the structuring rates and surface quality of machined samples. Results of both
experimental and numerical investigations in this context are reviewed by Forster et al. [27].
The machining strategies using pulse bursts with intraburst repetition frequencies in the
MHz up to GHz regime must consider an increased risk of secondary X-ray emissions with
this mode of operation [21,25,26].

This Special Issue bundles together 1 review paper [27], 1 perspective article [28], and
14 original research articles [22-26,29-37], all focusing on the latest achievements in areas of
surface and volume laser material processing, including laser-induced forward transfer and
laser printing technologies [28], spatial and temporal beam shaping [29-32], Bessel-beam
structuring of high-aspect-ratio void channels inside glass [34], direct laser interference
patterning [35], pulse burst machining [27], waveguide writing [36], fs-pulse laser-induced
amorphization and recrystallization of single-crystalline silicon [37], and a comparison of
different beam shuttering technologies [33]—an aspect that is often neglected, but most
practically relevant.
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o oe W N e

Abstract: Laser processing with ultra-short double pulses has gained attraction since the beginning
of the 2000s. In the last decade, pulse bursts consisting of multiple pulses with a delay of several
10 ns and less found their way into the area of micromachining of metals, opening up completely
new process regimes and allowing an increase in the structuring rates and surface quality of ma-
chined samples. Several physical effects such as shielding or re-deposition of material have led to
a new understanding of the related machining strategies and processing regimes. Results of both
experimental and numerical investigations are placed into context for different time scales during
laser processing. This review is dedicated to the fundamental physical phenomena taking place
during burst processing and their respective effects on machining results of metals in the ultra-short
pulse regime for delays ranging from several 100 fs to several microseconds. Furthermore, technical
applications based on these effects are reviewed.

Keywords: laser ablation; ultra-short pulses; double pulses; burst processing; MHz bursts; GHz bursts

1. Introduction

To enable increased throughput, the development of ultra-short pulsed lasers for
materials processing has always aimed for higher laser powers. In recent years, ultrafast
lasers with average output powers exceeding 1 kW [1-5] and even 10 kW [6] have been
demonstrated. Industrially available lasers currently already provide pulse energies of up
to some 100 pJ, whereas laser systems in academia provide several mJ. Thus, the available
energy per pulse is often much higher than the energy actually needed for single pulse
ablation. In order to attain the highest possible ablated volume for a given amount of
energy, the energy can be distributed among pulses within a pulse package, a so-called
pulse burst consisting of a minimum of two pulses and up to several hundred or thousand
pulses [7-24]. Each of these burst packages then carries a sufficiently high amount of
energy that can be used for laser machining, while the total energy of all pulses together is
close to the maximum available pulse energy of the laser. In recent years, ultra-short pulsed
laser ablation with burst pulses for micromachining has been intensively investigated both
experimentally and numerically.

The aim of this article was to provide a comprehensive review of the physics of ultra-
short pulsed laser ablation of metals with burst pulses and the applications based on the
physical processes involved. In the next subsection, processing strategies and definitions
used in this article are introduced. In the second section, the physics of ablation using ultra-
short burst pulses of metals is discussed, summarizing the physics involved during single
pulse laser ablation in the first place, followed by the pulse-to-pulse interactions of two
subsequent ultra-short laser pulses. Afterwards, special attention is paid to machining with
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triple pulses, followed by two sections dedicated to the physics involved when processing
with multiple pulses with intra-burst repetition rates of MHz and GHz. In Section 3, several
MHz and GHz burst processing applications are summarized and reviewed, ranging from
punching and drilling processes via line scribing, milling, and surface structuring to several
special applications. The article closes with conclusions and an outlook.

Processing Strategies and Definitions

In material processing, different strategies can be applied depending on the applica-
tion. Using a stationary beam, the so-called punching process is realized. In this process, a
certain number of consecutive laser pulses N is focused on the same spot and each pulse
ablates a thin layer of material. Using a Gaussian beam witha 1/ e2-radius of w, this results
in a parabolic dimple, as shown in Figure la. If the applied number of pulses and the
fluence are high enough, the material can be drilled through. This drilling strategy is
called percussion drilling and represents only one of the possible drilling strategies used in
ultra-short pulse laser machining [25].

a Incident b Incident c Top view ¥, Incident
Rectangular x&@o L&y
cavity

S Parabolic
S ) Focused cylinder
Parabolic beam.
Aimple = Reflected
@ b

Figure 1. Schematic illustration of the processes and machining results: (a) dimple with the shape of
a paraboloid ablated by multiple laser pulses with a stationary beam, resulting out of the punching
process; (b) groove with the shape of a parabolic cylinder ablated by a scanned laser beam (line scan),
representing the scribing process; (c) rectangular-shaped cavity ablated by a scanned laser beam
and parallel line hatching (bidirectional meandering scan) resulting out of laser milling. The 3D
Cartesian coordinate system x (red arrow), y (green arrow), and z (blue arrow) holds for all sketches
(a—c). The center positions of the focused Gaussian beams are indicated by o. The multiple reflections
of incident rays from the interior walls are given as side views (yz planes). Incident and multiple
reflected rays are also given as side views (yz planes). The interaction area (cf. xy and yz planes)
of laser and material decreases from (a—c). Reproduced under the terms of a Creative Commons
Attribution 4.0 International License, (https:/ /creativecommons.org/licenses/by/4.0/ (accessed on
31 May 2021)) [26]. Copyright 2018, the authors, published by Springer Nature.

In contrast to using a stationary beam, scribing can be realized if the laser beam is
moved along one lateral direction. This results on the workpiece in a parabolic-shaped
groove if a Gaussian beam is used (cf. Figure 1b). The linear movement of the beam can
be realized using a linear stage or a galvanometric scanner for example. In the scribing
process, consecutive pulses overlap each other. The overlap oy;,, can be calculated using
the moving speed of the axis vscq, the radius w, and the used pulse repetition rate of the
laser frp by )

0r: _ 1 _ scan 1
line frcp‘z'w (€]

If a deeper groove is demanded, the laser beam is moved several times along the same
line path. These repetitions are the number of machined layers or overscans Nj. If the
ratio between material thickness, laser parameters, and repetitions is chosen correctly, the
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material can even be cut through using this line scribing technique. The third ablation
process, called milling (cf. Figure 1c), is realized by machining several parallel lines with
a defined line spacing. This line spacing is called the hatch distance dj,. In the milling
process, in addition to the overlap of two consecutive pulses along the scan direction, there
is also an overlapping in the perpendicular direction to the machined lines 0c/oss:

An
2-w

Ocross = 1 — (2)

In milling applications, the laser spot must be moved in two lateral directions. The
straight-forward approach is to use a galvanometric scanner to perform this movement [26].
Additionally, solutions using a rotational axis in combination with different technolo-
gies such as linear stages [27], galvanometric scanners [28], or acousto-optic deflectors
(AODs) [29] are used to allow such 2D movement. In the z-direction, the material is re-
moved layer by layer, resulting in a so-called 2.5D process [27]. Using this strategy, 3D
structures can be engraved by changing the processing region from layer to layer, as shown
in Figure 2a. In addition, the direction of the hatch pattern (direction of the parallel lines)
can be rotated from layer to layer by the hatch angle to avoid scanning the same lines
multiple times, which could lead to line irregularities. If a central unprocessed square in
the middle of a process region is enlarged linearly layer by layer (making the scanned area
per layer smaller), the result is a square pyramid as a subtractively generated geometry (cf.
Figure 2b).
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al %

: X

: F —

: 7 \,

- Z \
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Figure 2. 2.5D processing; (a) slicing of the 3D structure and three corresponding 2D slices with the
hatch pattern (no rotation of the hatch pattern from layer to layer); (b) SEM image of a 3D structure
machined in copper. Reprinted from [27], copyright 2013, with permission from Elsevier.

The described processing strategies have been used principally with single pulses,
which are emitted at a given repetition rate from the used laser system. In burst processing,
the single pulse is replaced by a pulse package including several pulses with a temporal
distance much shorter than the pulse repetition rate (intra-burst delay tg, cf. Figure 3).
This package of pulses is called a burst. Depending on the intra-burst delay time, it can
be distinguished between MHz bursts (with an intra-burst delay of tens of ns) and GHz
bursts (with an intra-burst delay of hundreds of ps). The temporal distance between the
burst packages is called the inter-burst delay and corresponds to the pulse repetition rate
in single pulse operation. During scribing and milling, it can be assumed that for such time
delays the burst package is applied within the area of one sole spot, i.e., it acts similarly to
a stationary beam.
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Figure 3. Upper row: single pulse operation with a defined repetition rate frep; lower row: burst
operation with display of the two delay times inter-burst delay and intra-burst delay ¢z as well as the
time span.

2. Physics of Ultra-Short Burst Pulse Ablation of Metals

The focus of this article lies on metal processing. For laser processing of different
materials such as semiconductors [30-32], dielectrics [30,31,33-35], or ceramics [31,36], the
reader may refer to the corresponding articles. In the following, the physical mechanisms
of laser—material interactions relevant in the machining of metals are discussed. First, the
mechanisms during and after the processing of metals with single ultra-short laser pulses
(for repetitive processing, this corresponds to inter-pulse delays of tens of microseconds
or repetition rates below 100 kHz) is discussed and summarized in Section 2.1. Although
several articles exist on this topic and deal especially with the micromachining of different
metals in this regime [30,31,37-40], a summary of the essential effects regarding processing
in a single pulse operation is given for completion and as a basis for the following sections.
After introducing and summarizing the involved physical mechanisms for single pulse laser
ablation of metals, the pulse-to-pulse interactions of two subsequent pulses are introduced
in Section 2.2. The focus in that section lies on interactions between two pulses with
inter-pulse delays of several 100 fs to several 10 ns, since the experimental and theoretical
findings differ fundamentally from metal processing in single pulse operation. In Section
2.3, the physical mechanisms and state-of-the art findings for triple pulse processing with
intra-burst delays in the range of tens of ns are discussed. Finally, in Sections 2.4 and 2.5,
machining with bursts containing multiple pulses with intra-burst repetition rates of MHz
and GHz are summarized.

2.1. Single Pulse Laser Ablation

When light irradiates a metal surface, photons interact with free electrons and energy
is transferred to the electronic system via inverse Bremsstrahlung. Subsequently, the
electronic system transfers energy to the lattice (ions) and excites vibrations of the ionic
system, leading to a heating of the metal surface resulting in an increase of temperature.
For laser pulses with pulse durations strongly exceeding the electron-phonon coupling
time, the excitation of the electronic and ionic system can be considered to happen in
thermal equilibrium. Hence, conventional heat conduction and physical mechanisms
such as melting and evaporation take place. During ultra-short pulsed processing, short
heating times allow physical states of matter to cross borders in the phase diagram (e.g.,
the solid-liquid line) within picoseconds and induce high pressures (tens of GPa and more)
within tens of picoseconds within thin surface layers [41-46]. For a deeper understanding,
details of the involved physical mechanisms can be found in several references including
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theoretical and numerical modeling [37,41-46]. The most important measure to distinguish
between the ultra-short pulse regime and classical thermal heating in equilibrium is the
electron-phonon coupling time T, 0, Which is a characteristic time for heating the ionic
lattice. In first approximation, this value is a constant, but, in principle, it depends on
the deposited energy, and the time of relaxation can be multiples of that characteristic
time [23]. It can be estimated by T,/ 0, = Cp/ 7, with Cp being the heat capacity of the
ionic system and <y being the electron-phonon coupling constant [37]. Both values are
material-dependent. For metals and their alloys, the electron-phonon coupling time lies in
the range of several 100 fs to more than 100 ps (e.g., pure gold even has a coupling time of
around 115 ps). Exemplary values are given in Table 1. For alloys, the electron-phonon
coupling times can differ from the original elements forming the alloy, e.g., for AISI 304
stainless steel, an electron—-phonon coupling time of 0.5 ps was reported [47], whereas it
amounts to 1.3 ps for pure iron.

Table 1. Electron-phonon coupling times for various metals at room temperature.

Material

Al Au Cu Fe Mb Ni Pt Ti w

T(’l-phun in ps

451 11551 5752 1.33 224 1.14 225 1.9° 12.1°

! calc. from C; [48], g [49]; 2 [50]; 3 calc. from C; [48], 7 [51]; # calc. from C; [48], 7 [52]; ® calc. from C; [48], 7 [53].

Another crucial quantity for the description of different regimes of laser processing
with ultra-short pulses is the laser fluence ¢. It is defined as the energy per irradiated area,
and for a Gaussian beam the peak fluence ¢y equals

Ep
- w?

470:2'4)110:2' (3)

Ep corresponds to the pulse energy of the incoming laser pulse, w to the laser spot
radius (1/e?), and ¢y is the average fluence. The fluence can be increased by increasing the
laser pulse energy or decreasing the irradiated area (spot size). If the fluence is increased
above the ablation threshold ¢;;,, material is removed from the surface (ablation). With
increasing fluence, the ultra-short pulsed laser interaction with metals can be characterized
by the following physical processes [41-46,54]:

heating of the metal surface;
melting of the metal surface;
spallation of surface layers (rupture of material when the fluence is above the abla-
tion threshold);
e phase explosion (explosive boiling of the surface with the generation of vapor and plasma).

A microscopic view of the occurring processes for ablation of aluminum is given in
Figure 4 [46]. When a laser pulse hits the target with a fluence below the ablation threshold,
the material is heated and melting of the surface may also take place. Furthermore, two
sorts of pressure waves propagate into the material from the surface. A shockwave (SW)
leading to a compression of material (higher density, darker orange color) is followed by
a rarefaction wave (RW), leading to a dilution of material (lower density, lighter orange
color). When the fluence is increased above the ablation threshold, the intensity of both
pressure waves is increased and, as a result of the lower density of the rarefaction wave,
a fragmentation of surface layers takes place (spallation regime). The travel velocity
of such dense layers evolving from the surface for metals lies in the range of several
100 m/s [45,46,54-57]. If the fluence is increased above values of approximately 10 times
the ablation threshold, not only spallation takes place but the upper surface layers (in
this representation on the left) disintegrate and show a transition into the gaseous phase.
Particles and clusters in the gaseous phase then travel principally with the speed of sound
(of the initial bulk material), which lies in the range of several km/s [45,46,54-57].
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Figure 4. Results from molecular dynamics (MD) simulations for single pulse irradiation of alu-
minum. The x-axis corresponds to spatial coordinates with z = 0 nm being the initial surface of the
material. The y-axis corresponds to the simulation time with t = 5 ps being the maximum of the laser
pulse. The color of the heat maps corresponds to the density of aluminum. With increasing fluence
(from top to bottom), the material passes different regimes, ranging from melting of the surface (no
ablation) to phase explosion with an excessive development of gaseous and ionized matter. In the
spallation regime (center), ablation is characterized by a fragmentation of the material, leading to
high surface qualities and well-defined ablation depths during laser processing. Adapted from [46],
copyright 2015, with permission from Elsevier.

Although not displayed here, atoms in the gaseous phase also become ionized for higher
fluences, and some regions reach temperatures of several 1000 K or more [45,46,54-57]. If
successive pulses have inter-pulse delays of several tens of microseconds or more (cor-
responding to repetition rates of fr;, = 100 kHz or less), a subsequent pulse does not
significantly interact with the ablation plume of its preceding pulse [58]. For laser material
processing, the different ablation regimes result in differently efficient micromachining
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processes. One quantity for the description of an efficient ablation process is the energy
specific volume AV /AE. For Gaussian laser beams it holds [14]:

ﬂ:1.£.1n2<@) 4)
AE 2 ¢, Pi

where § corresponds to the effective penetration depth of energy, ¢y is the incident peak
fluence, and ¢, is the ablation threshold. Experimental data and, for the sake of clarity, only
one fit function (brass, 400 fs, cyan curve) is given in Figure 5. The values were obtained
in laser milling experiments by ablating cavities (cf. Figure 1c), measuring the ablated
volume, and relating it to the incident total laser energy. The values follow the trend of
Formula (4), having a maximum that can be extracted from the data. The corresponding
values of 6, ¢y, and the fluence ¢g,,+ where the maximum value was achieved and the
maximum energy specific volume AV /AE ;¢ (maximum values in Figure 5) as well as

the experimental conditions such as wavelength and pulse duration are summarized in
Table 2.

Steel 400 fs --e--/ 10 ps --e-- Silver 10 ps --*--
Copper 400 fs --e--/ 10 ps —-*--  Gold 10 ps -
Brass 400 fs fit — Brass 400 fs --e--
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Figure 5. Energy specific volume for single pulse laser ablation of different metals processed in the
near infrared. The fluence along the x-axis is normalized to the ablation threshold since different
metals have different ablation thresholds. The corresponding values are given in Table 2. Original
data taken from [59,60].

Table 2. Material parameters corresponding to the plots in Figure 5. Some of the fit parameters were calculated from original data.

Quantity Brass ! Copper! Copper 2 Gold 2 Silver 2 Steel ! Steel 2
A nm 1030 1030 1064 1064 1064 1030 1064
T ps 0.4 0.4 10 10 10 0.4 10
o (fit) nm 62.3 55.7 29.1 64.8 67.2 13.9 4.5
P (fit) J/cm? 0.39 0.49 0.35 0.35 0.36 0.09 0.06
AV/AEu,e  mm3/W/min 0.26 0.19 0.14 0.30 0.30 0.25 0.13
AV/AEmax  um3/u] 43 31 23 50 50 42 22
Poopt ]/cm? 27 45 22 24 27 05 05
1601, 2 [59].
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For single pulse operation, this formula resembles well the experimental findings. The
different metals show different maximum energy specific volumes and ablation thresholds,
but the general trend is the same. Principally, such curves are found for metals when
processed with pulses with a pulse duration between a few 100 fs and several ns [60,61].

Independent of the metals investigated, the ablation process when using ultra-short
pulses is most efficient in the spallation regime, since the greatest amount of deposited
energy is used for ablation. For lower fluences, only heating of the material takes place,
whereas for much higher fluences the amount of energy being used for heating and
ionization increases [62].

Beside the ablated volume per energy, the ablated volume per time (a measure for
the productivity) is a very important parameter for micromachining processes such as
milling or drilling. It increases for higher fluences, while the ablation process itself becomes
less energetically efficient (AV/AE decreases). At the same time, low fluences close to
the ablation threshold (or several times the ablation threshold) correlate with low surface
roughness and less spatter occurrence [14,63,64]. For industrial micromachining processes,
it is often important to maintain a smooth surface while keeping the ablated volume
per time high. Since the available laser pulse energy and average power of industrial
laser systems have been significantly increasing within the last decade, the available
energy per pulse is often much higher than the energy needed for ablation. Among other
strategies such as defocusing of the processing beam to lower the fluence while keeping
the productivity at a high level [18,65], the concept of laser burst pulses was introduced,
allowing the principle use of the totally available laser energy by splitting it into several
pulses with lower energy each [66,67]. The resulting limitations of this concept will be
further discussed in the following sections.

Beside the ablated volume per energy and time, the residual energy is another impor-
tant quantity influencing micromachining processes, mainly in terms of surface quality, e.g.,
surface roughness. If a sufficiently high amount of energy is coupled into the machined
sample as heat, the surface structure and physical mechanism of material removal may
change. For example, a temporary molten surface can lead to higher roughness and spatter
production, decreasing the surface quality. During ablation with an ultra-short pulse, a
certain amount of energy remains as heat in the bulk material. Depending on the irradiated
metal and the used fluence, the amount of residual energy per pulse lies between 10%
and 50% [16,17,68-76]. If high repetition rates are used, the heat accumulates and can
affect the surface quality, the drilling time, and the amount of occurring melt [14,73,77-84].
Additionally, the amount of residual energy can increase when the geometry is changed,
e.g., in hole drilling [68,70,72,74], or when surface structures like laser-induced periodic
surface structures (LIPSS) or bumps evolve [69,84].

2.2. Double Pulses: Pulse-to-Pulse Interaction

The first investigations of laser treatment of metals with ultra-short double pulses go
back to around the turn of the 21st century, when investigations about the enhancement of
spectroscopic signals—today also often known as laser-induced breakdown spectroscopy
(LIBS)—with ultra-short double pulses were performed [7,85-87]. While it was shown
that signal enhancement was possible, the depths of the ablation craters formed showed
a special behavior, i.e., the crater depths could only be as deep as using a single pulse
or even less deep, which is not intuitive in the first place, since twice as much energy
was used to create these craters. As will be summarized in the following, both effect
signal enhancement from the irradiated plume as well as the development of less deep
craters are mutually dependent. Many experimental [7,8,14,16,19,57-59,66,88-114] and
numerical [9,10,12,54,93,115-119] studies have been performed since the first observations
about metal ablation with ultra-short double pulses were published. The following para-
graphs summarize the findings to provide an overview of the effects involved in ultra-short
double pulse laser ablation.
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When a double pulse with short inter-pulse delay times in the range of the electron—
phonon coupling time is used, the ablated volume of such a double pulse equals the
volume ablated by a single pulse with doubled pulse energy. With increasing inter-pulse
delay, several physical effects can occur. For delays in the range of 10 ps to a few 100 ps,
rarefaction wave interference takes place. As shown in Figure 4 (center), the ablation
process of single ultra-short pulses is characterized by the occurrence of a shock wave and a
following rarefaction wave. The intensity of the rarefaction wave is a critical parameter of a
successful ablation event. If a rarefaction wave is too weak, no ablation occurs (cf. Figure 4
(top)). For double pulse ablation, weakening of such rarefaction waves is an important
process. Exemplarily, calculated density and pressure distributions for different regimes
of double pulse laser ablation are given in Figure 6 [10]. For the pressure distributions
given in Figure 6, red regions denote regions with compressive pressures, whereas blue
regions denote regions of tension. Figure 6a shows the result of double pulse irradiation
with an inter-pulse delay of At = 0 ps (corresponding to a single pulse of double pulse
energy). An intense shockwave is followed by an intense rarefaction wave. From the
regions of highest tension (blue), ablation is initiated. If the inter-pulse delay is increased
to around At = 20 ps, the first shockwave is weaker, since this wave is only initiated by
the first pulse. The following rarefaction wave is less pronounced because the second
pulse increases the pressure and, hence, lowers tension. As a result, less material is
removed and the ablation depth is decreased (cf. Figure 6b). This effect of “rarefaction
interference” is the reason for a lowering of the ablation depth for metals if the pulses
are separated by several tens of picoseconds (blue region in Figure 7) [10,120]. If the
inter-pulse delay is increased to At = 50 ps, the second pulse interacts with material that
has already left the initial metal surface and no physical connection for the exchange of
pressure remains. Instead, the second pulse is shielded by the ablation cloud induced by the
first pulse [9,10,54,57,118-120]. The ablation cloud evolving from the surface after the first
pulse is heated and partially disintegrates, leading to an extreme increase in temperature
and plasma formation.
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Figure 6. (a—c) Results from MD simulations showing the density (top) and pressure (bottom) distributions in space and

time for different inter-pulse delays of double pulses. Material: aluminum, pulse duration 100 fs, wavelength 800 nm.
Adapted with permission from Ref. [10]. Copyright (2015) by the American Physical Society.
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Figure 7. Interaction mechanisms of metals and ultra-short single and double pulses for different inter-pulse delays.

The latter is an important effect beneficial for LIBS measurements and allows a better
characterization of material due to an increased plasma temperature and, hence, a more
pronounced spectrum (cf. Section 3.5.2). Depending on the fluence, not only the second
pulse is shielded (and is not contributing to further material removal) but a re-deposition
of the material ablated by the first pulse can take place (cf. Figure 6¢c). As a result, the
ablated volume of a double pulse can be lower than the volume ablated only by the
first pulse (valley of death) [57,75,95,103,109,111,121-123]. This effect is material- and
fluence-dependent. For example, the valley of death for stainless steel ranges between
100 and 200 ps at a fluence of 0.5]/ cm? [75] and shows a minimum at around 50 ps for
5]/cm? [121]. Copper shows a valley of death for inter-pulse delays between 100 ps and
2 ns at fluences of 0.69 J/cm? [57] and 5 J/cm? [121]. Aluminum shows a valley of death
between 100 and 300 ps for an incident fluence of 5 ]/ cm? [121]. Titanium and platinum
show valleys of death between 100 and 500 ps for incident fluences close to the ablation
threshold [123]. For steel, a broader study with different time delays and fluences was
also performed, and it was reported that the highest suppression of ablation takes place
for steel at around a 1 ns time delay. The highest suppression ratio was close to 10, so
only 10% of the volume ablated by a single pulse was finally removed using a double
pulse (parameters: wavelength 1028 nm, fluence approx. 2.3 J/cm?) [103]. If the inter-
pulse delay is increased to several tens of nanoseconds, the shielding and re-deposition
becomes less pronounced, since the ablation cloud formed after the first pulse dilutes
with increasing time delay. For inter-pulse delays of At > 10 us, no significant interaction
of the second pulse and the plume induced by the first pulse occurs anymore [58]. The
discussed principal physical effects are summarized in Figure 7. Of course, the exact time
delays, fluences, and pulse durations when these effects occur are material-dependent.
The most significant differences between the materials are the time delay #;, when the
decrease of volume starts (blue region in Figure 7), the time delay f;, when the minimum
of ablated volume is reached, and the time delay t3, when the re-deposition is not taking
place anymore and the volume ablated by a single pulse is reached again (transition from
the green to the yellow region in Figure 7).
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For short delay times in the range of the electron—phonon coupling time (red color), the
volume ablated by a double pulse equals the volume ablated by a single pulse with doubled
pulse energy and the ablation process the same as for a single pulse, cf. Figures 4 and 6a.
For delays in the range of 10 ps to a few 100 ps, rarefaction wave interference takes place,
cf. Figure 6b. For inter-pulse delays between a few 100 ps and several 100 ns, a shielding
of the second pulse by the ablated material of the first pulse takes place. For inter-pulse
delays of a few nanoseconds, re-deposition of material ablated by the first pulse is another
effect that can occur, cf. Figure 6¢. The shielding effect diminishes for longer inter-pulse
delays of several tens of nanoseconds due to the dilution of the plume initially induced
by the first pulse. For delays of several tens of microseconds and longer, the second pulse
does not interact with the plume, and the volume ablated by a double pulse is twice the
volume ablated by a single pulse.

Although it is still the subject of current research, it seems that theses characteristic
delay times are dependent on the electron-phonon coupling time. If the second pulse is
reaching the target before the transfer of energy between the electronic and ionic system is
finished, the material mainly reacts similar to an irradiation with a single pulse of double
energy. For example, steel has a much shorter electron-phonon coupling time than copper
(approx. 50 times lower), and the decrease in ablated volume starts from shorter time
delays (t; = 1 ps for steel, t; = 10 ps for copper) [75,103]. For all metals investigated
in the literature and as discussed before, t; lies between time delays of several 100 ps
and several nanoseconds. For steel and copper, the difference is significant, e.g., for the
fluences: 0.5 J/cm? for steel and 0.69 J/cm? for copper in the infrared, and f, for steel
amounts to ~200 ps, whereas for copper f; amounts to ~2 ns [75]. Additionally, the delay
time t3, when the volume ablated by the double pulse again is the same as for a single
pulse, differs for both metals in this fluence regime. For steel, t3 amounts to approximately
1-3 ns [75,103,122], whereas for copper t3 > 10 ns [75,122]. For aluminum, it was also
reported that t3 > 10 ns [122].

2.3. Triple Pulses with Intra-Burst Delays in the Range of Tens of Nanoseconds

As described in the previous section, the characteristic delay times t;, t;, and t3
strongly depend on the material, especially on the electron-phonon coupling time, which
also has a dominating influence onto the removal rates when a third pulse is added to the
double pulse. If t; and t; are short compared to the intra-burst delay and t3 shows a value
in the range of this delay, the energy specific volume obtained for a triple pulse only slightly
differs from the one of single pulses, e.g., steel 1.4301 (AISI 304) shows such short delay
times and was intensively investigated. Different reported maximum energy specific vol-
umes for single, double, and triple pulses are summarized in Figure 8a [14,19,23,24,102,107].
For pulses with a pulse duration of 10 ps, an intra-burst delay of 12 ns, and wavelengths of
1064 nm and 532 nm, the maximum energy specific volume slightly decreased for a triple
pulse compared to a single pulse [14,102,107]. An almost identical behavior was observed
for a 2 ps pulse duration but with higher ablated volumes due to the usage of shorter
pulses [19]. Similar results with even higher energy specific volumes have been reported
for 300 fs and 350 fs pulse duration in the near infrared (NIR) [23,60]. In contrast to the
rest of the literature, in [24], a significant drop by a factor of two of the maximum energy
specific volume for steel (from about 0.4 mm?®/min/W for single pulses down to less than
0.2 mm?/min/W, Figure 8a, blue empty squares) for a triple pulse burst was reported
for a 210 fs pulse duration for a wavelength of 1030 nm. Here, in contrast to most other
reported experiments by different authors, the fluence was varied by defocusing. This
leads to different spot sizes at the fluences where the maximum energy specific volume
was detected for the three situations. It was found for single pulse operation that there is
a dependence of the threshold fluence, the energy penetration depth, and the maximum
energy specific volume for steel 1.4301 (AISI 304) and copper when using different spot
sizes [124]. This could serve as a possible explanation for the atypical behavior reported
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a) 10 ps, 532 nm, tg=12 ns
10 ps, 1064 nm, tg=12 ns
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in [24] in contrast to all other studies in this field. The influence of the spot size on laser
milling in general, but especially for bursts, still needs to be clarified by further studies.
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Figure 8. Maximum measured energy specific volumes for single, double, and triple pulses for steel 1.4301 (AISI 304) for (a)

different pulse durations, wavelengths, and intra-burst delays and (b) as a function of the intra-burst delay for double and
triple burst pulses with a 10 ps pulse duration and a 1064 nm wavelength. Data taken from [14,19,23,24,102,107].

Figure 8b shows the maximum energy specific volume for steel 1.4301 (AISI 304) using
pulses with a pulse duration of 10 ps at a wavelength of 1064 nm and an intra-burst delay
increasing from 12 ns to 36 ns for triple pulses and 60 ns for double pulses [14]. For the
shortest intra-burst delay of 12 ns, the maximum volumes are smaller than the value for
single pulse operation. For double pulses with an intra-burst delay of 24 ns and more, the
same maximum value as for single pulse operation is reached (deviations are in the range
of the measurement error). For triple pulses, the maximum energy specific volume also
increases with increasing intra-burst delay but does not yet reach the value of single pulse
operation with a 36 ns pulse delay.

The situation completely changes for copper (having longer delay times t1, 5, and
t3) as shown in Figure 9a,b. For double pulses, the aforementioned valley of death with a
reduction in the maximum energy specific volume to less than 50% of the value for single
pulses due to shielding effects is observed [14,24,59,60,102]. On the other hand, for triple
pulse processing, the value strongly increases again and may even exceed the value for
single pulses [14,24,59,60,102]. As can be seen in Figure 9a, the maximum energy specific
volumes are functions of the pulse duration (an increase for shorter pulse durations is
observed) and wavelength (for copper, green radiation is beneficial and results in higher
maximum energy specific volumes, which is mainly due to higher absorptance [16]). For
triple pulses, in the first place, it seems that after the described re-deposition effect (cf.
Section 2.2) induced by the second pulse, the third pulse should simply contribute again to
the ablated volume. However, assuming only a complete shielding and no re-deposition
of the second pulse (no contribution to the ablated volume) and a full contribution of
the third pulse to the ablated volume, the maximum energy specific volume should not
exceed two-thirds of the value of single pulses. This is not the case. Indeed, for triple pulse
processing, the maximum energy specific volume is the same or even higher than for single
pulse processing.
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Figure 9. Maximum measured energy specific volumes for single, double, and triple pulses for (a) different pulse durations,
wavelengths, and intra-burst delays for copper and (b) as a function of the intra-burst delay for double and triple burst

pulses on copper with 10 ps pulse duration and 1064 nm wavelength. Data taken from [14,19,23,24,102,107].

The contribution of the second pulse was further investigated in [102,125], where the
energy of the second pulse was varied compared to the first and third pulse, i.e., the relative
energies were chosen to be (1,7,1). The pulses had a pulse duration of 10 ps, a wavelength
of 1064 nm, and an intra-burst delay of 12 ns. For the situation (1, 0.25, 1), the energy
specific volume does not differ from the one of a double pulse with an intra-burst delay
of 24 ns. When the energy of the second pulse is then raised to (1, 0.5, 1), the maximum
energy specific volume is almost doubled and even exceeds that for single pulses for the
(1, 0.75, 1) and (1, 1, 1) situations. This shows that a minimum energy for the second
pulse is demanded to start its clearing effect and that it saturates at a maximum energy.
However, the high maximum energy specific volume for a triple pulse cannot be explained
only by this effect.

Therefore, it was stated that additional effects influence the ablation process in case
of triple burst pulses on copper to allow an enhanced ablation. In [16,17], results from
calorimetric measurements with 10 ps pulse duration were obtained from two different
calorimeter set-ups. For copper, it is shown that the residual energy coefficient, resembling
the part of the applied laser energy remaining and heating up in the material only slightly
varies between single, double, and triple pulses processing. For both measurement setups,
the residual energy coefficient was measured to be slightly higher (an increase in the range
of 2%) for the double pulse, but the difference was in the order of the measurement error.
However, the absorptance of the machined surface changes significantly when using lasers
in the NIR. The corresponding absorptance increased from 1.5% of the initial surface (high
reflectivity) to 15.7%, 17.9%, and 26.8% for single, double, and triple pulses, respectively.
This increase was obtained from the first machined layer and rests almost unchanged
when the number of layers was increased to 48. For a triple pulse, the first pulse in the
burst sequence could be absorbed much more strongly compared to single pulses, since
26.8% of incident energy was absorbed instead of 15.7% [16]. This could explain the
further increase in the maximum energy specific volume for triple pulses on copper. This
assumption is further supported by the results obtained for a wavelength of 532 nm, where
the absorptance of the machined surface again increases from 35.7% for single pulses to
49.5% and 58.5% for double and triple pulses, respectively. This increase was lower than
for 1064 nm, which is in accordance with the smaller increase in the energy specific volume
for 532 nm and the triple pulse burst shown in Figure 9a. Hence, the absorptance seems to
play a crucial role, and, due to significantly increased absorptance after the second pulse,
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the energy specific volume of copper might be increased to or even above the value of the
single pulse operation. It should be kept in mind that these absorptances were measured on
a cold surface ca. 10 mm out of the focal plane and therefore with a spot diameter between
400 pm and 700 pm, whereas, during machining, the surface is hot, and the spot diameter
is in the range of 25 um to 40 um. Furthermore, the absorptance of a surface can also vary
during irradiation with an ultra-short pulse, as shown in [126]. How this behavior affects
burst pulse processing is unknown today and still a subject to further investigation.

In Figure 9b, the maximum energy specific volumes for double and triple pulses for
pulses with a pulse duration of 10 ps at a wavelength of 1064 nm are shown as a function
of the intra-burst delay ¢p [17]. Due to the longer delay times t1, 5, and f3 of copper, the
values seem to increase for intra-burst delays exceeding 60 ns in contrast to steel, where
the single pulse value is already obtained for an intra-burst delay of 24 ns, as illustrated in
Figure 8b. However, in contrast to steel, the maximum energy specific volume decreases
for triple pulses when the intra-burst delay is increasing (cf. Figure 9b). This is a surprising
behavior as the shielding effect of the second pulse is definitively reduced. A possible
explanation is that since less material is redeposited, more material remains above the
workpiece in a less dense ablation cloud, leading then to a shielding of the third pulse.
However, this is only a hypothesis and further investigations are needed to clarify the
physical processes involved during triple pulse ablation.

Figure 10a shows the maximum energy specific volumes for brass [60], aluminum [23,107],
silver [59], gold [59], and molybdenum [23]. Except for molybdenum, a strong shielding
effect for the double pulse burst followed by a significant increase in the maximum energy
specific volume for the triple burst pulse is observed. Following Formula (4), the energy
specific volume for a Gaussian beam shows a maximum value at the optimum peak fluence
Poopt = €y, [61]. Introducing this optimum peak fluence into the expression for the
energy specific volume (Formula (4)) leads to the ablated volume per pulse at the optimum
fluence, which does not depend on the threshold fluence but directly scales with the energy
penetration depth ¢ [65,127], i.e., the higher the energy penetration depth, the higher the
volume ablated per pulse. The value of 6 can be obtained by a least square fit of the formula
to the data for single pulses reported in [14,23,59,60,107,128] following Formula (4). A
larger ablated volume should lead to a stronger shielding effect for double pulses and

therefore the ratio AV AV
(38 i (36) ®
AE max,double pulse AE max,single pulse

should drop for higher energy penetration depths. This is confirmed in Figure 10b where
this ratio is plotted as a function of the energy penetration depth ¢. The circles denote
situations where a clear shielding for the double burst pulse followed by a significant
increase of the energy specific volume for the triple burst pulse is observed, whereas for
the triangles, the maximum energy specific volumes for the three situations only slightly
differ. The figure indicates a trend of ratios near 1 for short energy penetration depths in
the range of 10 nm towards values below 0.5 for energy penetration depths of 40 nm and
higher. Hence, the removed volume per single pulse could also be a factor describing the
ablation behavior for double and triple pulses. Again, further investigations are needed to
gain a clearer picture and to be able to distinguish between the influence of parameters
such as the spot size, the intra-burst delay, and the energy penetration depth.

2.4. Multi-Pulse Bursts with Intra-Burst Repetition Rates in the MHz Range

The results for multi-pulse bursts for copper, brass, and aluminum are summarized
in Figure 11a [19,23,24,60]. Copper, brass, and aluminum show an alternating behavior of
the maximum energy specific volumes with high values for odd numbers of pulses in the
burst and low values for even numbers of pulses. This can be explained as follows: the
second pulse is fully or partially shielded but its energy clears the ablation cloud such that
the third pulse can be absorbed by the surface. The third pulse again generates an ablation
cloud, and the fourth pulse is therefore shielded again. The fourth pulse again clears the
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plume of the third pulse so that the fifth pulse can again contribute to the ablation process
etc. For copper and a 210 fs pulse duration [24], aluminum and a 300 fs pulse duration [23],
and brass and a 350 fs pulse duration [60], this oscillation seems to be damped.
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Figure 10. Maximum energy specific volumes for single, double, and triple pulses for (a) brass, aluminum, silver, gold,

and molybdenum and (b) the ratio of the maximum energy specific volume of a double burst pulse and single pulses as a

function of the corresponding energy penetration depth for different metals. The triangles denote metals where the energy
specific volume of a double and triple pulse burst does not show a shielding effect for the double pulse burst followed by
an increase in the energy specific volume for the third pulse within a triple pulse. Data taken from [19,23,24,60,128,129].
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Figure 11. Maximum energy specific volumes as a function of the number of pulses per burst for (a) copper, brass, and
aluminum as well as for (b) stainless steel, molybdenum, and magnesium alloy. Data extracted from [19,23,24,60,128,129].

In contrast to this oscillating behavior, this alternating behavior is not observed for
steel 1.4301 (AISI 304) [19,24], steel 1.2738 [130], molybdenum [23], and magnesium (cf.
Figure 11b). For steel and molybdenum, the maximum energy specific volume shows a
tendency to slightly lower values when the number of pulses per burst is increased. Steel
1.4301 (AISI 304) machined with 210 fs pulses [24] shows an atypical behavior up to 4 pulses
per burst, but these results were obtained by defocusing to vary the peak fluence. Hence,
different effects cannot be distinguished, as has been explained before. For magnesium
alloy [129], the threshold fluence and the energy penetration depth amounts to 0.06 J /cm?
and 6.5 nm, respectively. Therefore, a similar behavior as for steel 1.4301 (AISI 304) could
be expected, but, as can be seen, the maximum energy specific volume increases by about
a factor of three when the number of pulses per burst is raised from one to five. This
is in contrast to the other metals and is similar to the behavior of silicon [17], where the
maximum energy specific volume also increases with the number of pulses per burst. For
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silicon, this increase of energy specific volume is mainly due to changes in absorptance due
to multi-photon absorption and stable liquid surface layers (having a higher absorptance)
during processing [17].

Recently, the behavior of stainless steel was investigated for pulses at a wavelength
of 1030 nm and with pulse durations of 270 fs, 1 ps, and 10 ps for single pulses for up to
9 pulses per burst with an intra-burst delay of 15.4 ns. The results show that the energy
specific volumes for peak fluences of 0.5J/cm?, 1.5 ]/cm?, and 2.5 J/cm? mainly depend
on the pulse duration, but follow identical trends when the number of pulses per burst is
increased. Depending on the pulse duration and the peak fluence, regimes where a melt
film is formed leading to smooth surfaces can be identified [131]. Similar smoothing effects
were already reported for steel 1.4301 (AISI 304) in [14,60] and for cobalt and titanium
alloys in [78,132]. Neither for copper nor for brass could a smoothing effect be observed,
and the surfaces only start to oxidize when they are machined with pulse bursts [14,60].

In contrast to double pulses, the theory behind triple pulse ablation still shows an
ambiguous picture. To allow for a better understanding of the physical mechanisms taking
place during processing with triple pulses, further investigations with varying intra-burst
delays need to be performed.

2.5. Multi-Pulse Bursts with Intra-Burst Repetition Rates in the GHz Range

In 2016, a new type of laser emitting ultra-short burst pulses with intra-burst repetition
rates in the GHz range, and, hence, with intra-burst delays of several nanoseconds and
down to a few 100 ps, gained attraction for material processing due to a report showing
that the efficiency of the ablation process was significantly improved for a variety of
materials [15]. However, the reported physical mechanism influencing the ablation process,
the “ablation cooling effect,” appears highly questionable and has been partially disproven
for metal processing. Since it can be mainly attributed to heat accumulation [133-135], the
publication was the starting point for materials processing with a completely new class of
laser systems emitting pulse bursts with intra-burst delays of several 100 ps or at intra-burst
repetition rates of several GHz, which have since then been built and studied by various
research groups. In general, it can be concluded that drilling processes are always more
efficient than milling processes in this processing regime [135,136], which was explained
by different melt flows in those two regimes [133]. Furthermore, the increase in energy
specific volume is highly dependent on the time span of the used burst train and increases
with longer time spans [22,136-139]. Moreover, the used inter-burst delay plays a crucial
role. For short time delays (corresponding to higher repetition rates) between the burst
trains, heat accumulation is also more pronounced and contributes to an increase in energy
specific volume [112].

It has been reported by several groups that both the ablated volume per time AV /At
and the energy specific volume AV /AE can be increased by several factors when pro-
cessing material with ultra-short burst pulses with intra-burst repetition rates in the GHz
regime compared to single pulse operation. For the milling of copper, it was reported that
the maximum energy specific volume AV /AE,;;; can increase by a factor of three [135],
whereas for steel it can increase by a factor of two when using GHz burst pulses instead of
single pulses [112,135,137]. For the drilling of copper, it was reported that the maximum
energy specific volume AV /AE,;x can increase by a factor of 3.5; for steel, it can increase by
a factor of 4.6; and, for aluminum, it can increase by a factor of 5.8 when using GHz burst
pulses instead of single pulses [136]. All these effects diminish and are less pronounced
when during experimental design the spot diameters on the samples investigated are also
changed for optimization [24].

To be able to account for different study designs, a comprehensive overview of data
from different authors is given in Figure 12 (top) for laser milling using GHz laser sources.
When using double pulses, the previously discussed shielding effect is dominant, and
the maximum achievable energy specific volume drops by a factor of five for intra-burst
delays in the range of several 100 ps. Furthermore, with the increasing number of burst
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pulses the decrease in maximum achievable energy specific volume drops even further
and is suppressed by approximately 93% for steel when using 5 to 25 pulses in a pulse
burst [23,24]. From around 30 pulses per burst the energy specific volume increases again,
and, for several hundred or thousands of pulses per burst, it even increases above the value
for single pulse ablation for both copper and steel. For a small number of pulses within a
burst, a region of higher density in the interaction zone of the laser and the target develops,
and the shielding effect is even more pronounced [134]. For a moderate number of pulses
(several tens to hundred pulses), the ablation process is dominated by heat accumulation,
allowing material to be removed in a gaseous state even for pulses with a fluence far below
the ablation threshold (which is the case because the totally available laser pulse energy is
principally split between many pulses within the burst) [133-135,140]. For a high numbers
of pulses (several hundred to many thousand pulses) within a burst, the ablation process
can be compared to ablation with pulses of nanosecond duration, resulting in higher energy
specific volumes as well as a lowering of the surface quality due to melt expulsion, which
indeed is the case for GHz laser ablation [64,135,136]. This simple but fair comparison is
given in Figure 12 (bottom), where the maximum achievable energy specific volumes as a
function of the time span of burst packages are compared to the energy specific volumes
of ns and us laser processes. It can be seen that the maximum energy specific volumes
of GHz laser processes fully follow the ones of ns and us lasers in the same time domain.
This is not only the case for steel but also for copper (not displayed here). Therefore, it
can be concluded that GHz processing is comparable to ns laser processing for pulses of
the same time span for metals. Of course, more detailed studies need to be performed to
gain a full view on this topic. Finally, it can be seen from the reviewed and summarized
studies that the surface roughness shows a minimum for a low number of burst pulses
(corresponding to short burst time spans), which can be significantly lower compared to
single pulses [21,23,24,64,124,135,141-144]. For longer time spans and a higher number
of pulses, heat accumulation highly dominates laser processing, leading to higher energy
specific volumes as well as significantly higher roughness, which is also the case for longer
pulses in the ns and ps regime due to the emerging occurrence of melting.
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Figure 12. Maximum achievable energy specific volumes as a function of applied laser pulses within
GHz bursts (top) and maximum energy specific volumes as a function of the duration of GHz bursts
and durations of ns and us pulses (bottom). Data from laser milling of stainless steel, data extracted
from [21,23,24,64,98,124,135,141-147].

Beside materials processing with ultra-short burst pulses with intra-burst repetition
rates in the MHz and GHz range, processing with THz intra-burst repetition rates (cor-
responding to delay times between subsequent pulses of several ps) is also a subject
of investigation [20,148-152]. However, in this regime, matter reacts to excitation with
subsequent pulses similar like to excitation with longer pulses in the same time domain.
Beside a dependence of the incubation effect (a weakening of material) on the burst spac-
ing [149,153], the material answer is similar when using multiple subsequent ultra-short
pulses over a certain time span and when using a single pulse with a pulse duration of the
same time span, e.g., a pulse burst with 10 pulses that are applied over a time span of 10 ps
shows similar effects to a pulse with a 10 ps pulse duration. Hence, a differentiation of
physical effects on these time scales is challenging. From the material processing point of
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view, the use of burst pulses with THz intra-burst repetition rates is less important but has
found its way into the generation of particle beams and X-rays (cf. Section 3.5.3).

3. Applications Using Burst Pulses

In the following subsections, applications involving pulse burst processing of metals
are summarized and discussed. The focus mainly lies on micromachining applications,
while applications from other fields making use of pulse bursts are also summarized in the
last subsection.

3.1. Punching and Drilling

Drilling with ultra-short pulsed laser radiation has been a widely used production
technique for making precise holes in various materials for a long time. A large num-
ber of laser pulses and a sufficiently high pulse energy is typically required to produce
blind and through holes with high aspect ratios of 1:10 or more. The reason lies in the
nature of the drilling process, where, in general, the irradiated area increases with drilling
depth and pulse number, and, hence, the fluence within the bore holes decreases over
time [74,154,155]. Principally, this requirement contradicts the splitting of pulse energy
during burst processing to allow for an improvement in laser drilling processes in terms of
drilling time and, hence, efficiency. The same holds for an increase in the pulse repetition
rate, since shielding effects can be even more pronounced due to lateral confinement of the
ablation cloud. Laser drilling involves interaction of the radiation with ablation products
from previous laser pulses. Shorter time spans between successive laser pulses intensify
this effect [57,61].

There have been comparatively few studies on the influence of bursts in laser drilling
with ultra-short pulses. A particularly early investigation into percussion drilling with
MHz bursts of aluminum showed advantages in terms of drilling time [156]. However,
these advantages must be seen in the context of the repetition rates in the kHz range that
were common at the time. The main advantage was therefore the higher number of pulses
per time achieved by the burst, resulting in more ablated volume per time.

Interactions of burst pulses with the ablation products within bore holes were in-
vestigated diagnostically, whereas drilling glass was investigated by time-resolved imag-
ing [157]. As the investigated material was not a metal, the observed effects are presumably
very similar. Although there appeared to exist shielding effects of radiation within the bore
hole, the holes obtained showed a more uniform geometry with smoother walls. Similar
observations were made when drilling silicon [158], where processing with MHz burst
resulted in fewer unwanted side channels and overall higher reproducibility of the hole
shape. This is highly due to re-deposited material, leading to smoother surfaces.

In [159], the drilling of copper and aluminum was studied with double pulses, varying
the inter-pulse delay from —90 ps to 90 ps. Here, the observed reduction in drilling speed
in the case of using double pulses was attributed to shielding as well. This is clearly
in contrast to the conclusions provided in [15], where much higher removal rates were
reported for machining copper and silicon with GHz bursts. In [133], an attempt was made
to reproduce these advantages, but significant melting was observed; so, as discussed
before, GHz processing seems to have similarities with the use of nanosecond pulse
durations. It was shown that the maximum energy specific volumes achievable when using
a burst with 200 pulses at an intra-burst repetition rate of 1.76 GHz are almost identical
when processing with a laser at a pulse duration of 100 ns for percussion drilling of copper,
aluminum, and stainless steel [64,135].

A study about laser drilling of invar with ultra-short MHz and GHz bursts has shown
an ambiguous picture. Depending on the sample thickness and intra-burst delay, slightly
shorter drilling durations or even longer drilling durations were reported compared to
drilling without bursts [137].

Most studies on laser drilling with ultra-short burst pulses show a rather minor
influence on the drilling speed but an increased melt formation. With regard to the question
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of how far the special properties of bursts can be used to advantage in laser drilling, there
is still a considerable need for research.

3.2. Scribing and Cutting

In several works, line scribing using bursts have been performed [22,133,135,151,160]
with similar results. The removal rate using bursts is smaller, and the burr formation is
increased compared to single pulses. These effects were confirmed by the simulations
of Matsumota et al. [133]. Using a 10-pulse burst with an intra-burst delay of 16.7 ns
(corresponding to an intra-burst repetition rate of 60 MHz) led to a decrease in the ablation
depth of about 40% compared to single pulse operation using the same average power
in the case of stainless steel [22]. The authors have attributed this decrease to plasma
shielding, as the small ablation geometry (machining of deep trenches) does not allow
a fast dissolution of the plasma between two pulses. In [160], a decrease in the removal
rate for stainless steel (>15%) and copper (>5%) using bursts with an intra-burst delay
of 1 ns (corresponding to an intra-burst repetition rate of 1 GHz) and different energy
distributions was reported. Using a similar intra-burst delay of 1.13 ns (corresponding to
an intra-burst repetition rate of 0.88 GHz), it was reported by Bonamis et al. that in certain
conditions (high fluence and a pulse overlap higher than 70%) the grooves were refilled by
molten material [135]. The same effect was also observed in line scribing using single pulse
operation at a comparably high pulse repetition rate of 4.1 MHz [161]. Simulations confirm
this phenomenon for GHz bursts [133]. It has also been shown that using a pulse burst
consisting of 160 pulses with an intra-burst delay of 1.16 ns (corresponding to a frequency
of 864 MHz) leads to a larger burr compared to single pulses [133].

Principally, no advantages in using ultra-short pulse bursts for line scribing has been
reported in the literature so far. Further research is also needed to clarify the influence of
pulse bursts in the field of precision cutting.

3.3. Surface Structures
3.3.1. Polishing/Smoothing

In ultra-short pulsed laser machining of some metals like steel and titanium, it is well
known that in certain conditions bumpy surfaces can appear [29,162]. In most applications,
these bumps usually need to be avoided.

As it was found by Bauer et al., those surfaces are created if the surface tempera-
ture is higher than about 600 °C before the next laser pulse impinges on the surface in
case of stainless steel 1.4301 (AISI 304) [73]. Heat accumulation is the limiting factor for
the productivity of laser processes where a good surface quality is required. Alterna-
tively, heat accumulation can also be used as an advantage. Lickschat et al. [105] and
Herrmann et al. [163] have shown a smoothing of cavities using pulse bursts. Nyenhuis
et al. [142] and Michalowski et al. [143] have made the same observations and have further
developed a smoothing process for stainless steel 1.4301 (AISI 304). Using GHz bursts with
an intra-burst delay of 625 ps (corresponding to an intra-burst repetition rate of 1.6 GHz)
and a fluence for each individual pulse below the threshold fluence, the heat input into the
material can be utilized to create a small melt film that smoothens the bumpy surface (cf.
Figure 13).

It has been found that high fluences lead to pores in the solidified melt films. Therefore,
it is favorable to use more pulses in the burst, i.e., a burst of longer time span at lower
fluences of the burst pulses. In comparison to a MHz burst (intra-burst delay of 12.5 ns),
the smoothing using GHz bursts is much more energy efficient as the total fluence of the
burst needed is about 2/3 smaller using such GHz bursts [142]. The low fluences used in
the GHz burst processing lead to a very thin melt film which can also be used for polishing
of microstructures without damaging them [142,143]. Using this kind of polishing process
can lead to a surface roughness of S; =0.13 um and S, = 3.4 um [164]. Using an intra-burst
delay of 200 ps (corresponding to a repetition rate of 5 GHz) Metzner et al. have shown a
smoothing on stainless steel surfaces [21]. The bumpy surface created during single pulse
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engraving was smoothed using GHz bursts. The more layers with GHz bursts are applied
to the surface, the smoother the surface gets. No bumps are present on the surface anymore
after 20 overscans (scan levels), as can be seen in Figure 14. After 20 overscans, a surface
roughness of S; = 0.1 £ 0.05 pm and S, = 1.3 £ 0.3 pm was measured.

Figure 13. SEM images of a bumpy surface on 1.4301 (AISI 304) steel, where the lower part is polished
using GHz bursts. The right-hand image shows the topological view. The length of the scale bar
represents 40 um. Reprinted from [142].

10 scan leve 20 scan levels 10um

Figure 14. SEM images of surface structures on stainless steel. Top left: Surface structure, ablated in
single pulse operation, a scan speed of 1.2 m/s, a pulse duration of 270 fs and 20 overscans (scan
levels). The other SEM images visualize the structure after the surface treatment in the GHz burst
mode with four pulses per burst, a pulse duration of 270 fs and a variation of the overscans (scan
levels) between 5 and 20. Reprinted from [21], Copyright 2020, with permission from Elsevier.
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To be able to use the maximum available pulse energy provided by a laser system,
engraving processes can be done using MHz bursts instead of single pulse operation,
followed by a GHz-polishing step. For such multi-step strategies, surface roughness
values of S, = 0.15 £ 0.02 pm and S; =1.1 = 0.1 pm have been measured. Again, after
20 overscans, the surface was found to be smoothed [21]. The advantage of processes
combining MHz and GHz bursts is the higher productivity, i.e., smaller cycle time during
engraving processes.

In contrast, Brenner et al. used MHz bursts with an intra-burst delay tp of 12.5 ns
(corresponding to a repetition rate of 80 MHz) at a base repetition rate f.p, of 2 MHz
(inter-burst delay of 500 ns) instead of GHz bursts to polish the surface of conducted hot-
working steel (1.2738) [130]. The achieved surface roughness amounted to S, = 0.21 pm
and S, = 3.65 um. Osbild et al. analyzed the polishing process using MHz bursts in more
detail [128]. It was found that using a low number of repetitions in the polishing process is
favorable to achieve a melt pool depth of only 1 to 3 um. By doing so, the roughness can be
reduced also on small and fine structures.

On a CoCrMo alloy, 3 to 5-pulse bursts with an intra-burst delay of 12.5 ns (corre-
sponding to a repetition rate of 80 MHz) may lead to a much smoother surface compared
to single pulse operation [78]. The surface roughness for single pulses increases with
the structure depth, i.e., with increasing number of overscans, ranging from 300 nm for
10 overscans to 2.7 um for 399 overscans. Using pulse bursts the smoothing effect can be
maintained regardless of the structure depth. In another study, Metzner et al. used bursts
with up to 8 pulses and an intra-burst delay of 12.5 ns (corresponding to a repetition rate of
80 MHz) and a repetition rate of 100 kHz (inter-burst delay of 10 ps) to reduce the surface
roughness on cobalt and titanium alloys below S, = 100 nm [132]. Depending on the
material and the used fluence of an individual pulse in the burst, different numbers of
pulses in the burst (in general 6-8 pulses) need to be applied. Using a higher number of
pulses in the burst also helps to avoid the formation of nanoscopic cavities on the surface
as shown in Figure 15 for cobalt alloy. The same also can be observed for titanium [132].

Figure 15. SEM images of the irradiated cobalt alloy surface as a function of the number of pulses in the burst at a
fluence of 0.5 J/cm? per pulse. Reproduced under the terms of a Creative Commons Attribution 4.0 International License,
(https:/ /creativecommons.org/licenses /by /4.0/ (accessed on 31 May 2021)) [132]. Copyright 2020, the authors, published

by Springer Nature.

Recently, Sassmannshausen et al. introduced the possibility of surface smoothing by
continuous surface melting using a laser emitting ultra-short pulses at a pulse repetition
rate of 49 MHz (corresponding to an inter-pulse delay of 20.4 ns). This extreme case on
one hand represents classical repetitive processing at a constant repetition rate, while on
the other hand it can be interpreted as a very long burst pulse in the MHz regime. This
continuous processing shows the capability of long, finely tuned burst pulses. It was shown
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that the surface roughness could be lowered by this polishing process to around 80 nm.
While also an oxidation of the surface was introduced, this value belongs to the smallest
ever achieved by laser surface processing [165].

In a comprehensive study, Metzner et al. compared the smoothing effects using
a MHz burst, a GHz burst, and a biburst (a combination of MHz and GHz bursts) on
stainless steel [131]. It was found that the smoothing process shows a higher stability and
reproducibility when using GHz bursts compared to MHz bursts. A surface roughness
of S, < 200 nm was measured for processing with the GHz burst in optimal conditions.
It should be mentioned that not only metals but also polymers can be polished applying
pulse bursts with an intra-burst delay of 400 ps (corresponding to an intra-burst repetition
rate of 2.5 GHz) [166].

3.3.2. Coloring

Laser coloring was intensively investigated for ns pulse processing where oxide layers
are formed [167-170]. Alternatively, ultra-short pulsed lasers can be used. This is mainly
realized by the following approaches: utilizing laser-induced periodic surface structures
(LIPSS) as diffraction gratings to produce angle-sensitive colors [171,172] and creating tem-
pering colors by heating up the surface [173], which results in angle-independent colors.
Another way is to create micro- and nanostructures on the surface to obtain a certain color
on the surface [171,174]. The coloring strategy using nanostructures was further developed
by Guay et al. [175]. Plasmonic colors are excited from metallic nanoparticles and nanos-
tructures, which are re-deposited after the laser irradiation leads to angle-independent
colors on silver surfaces (cf. Figure 16).

Figure 16. Photograph of a colored silver coin (height approx. 1 cm); detailed view on the right-hand side. Reproduced under

the terms of a Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses /by /4.0/
(accessed on 31 May 2021)) [175]. Copyright 2017, the authors, published by Springer Nature.

It was shown that by using pulse bursts with an intra-burst delay of 12.8 ns (corre-
sponding to an intra-burst repetition rate of 82 MHz), higher quality colors can be generated
on silver compared to a single pulse operation. The authors quantified the colors using
a Chroma meter (CR-241, Konica Minolta) in the CIELCH color space. The Chroma is
a parameter used to measure the colorfulness of an object. The Chroma is increased by
about 50% over the full color range when processing with burst pulses compared to colors
produced with single pulses [176]. The increase in Chroma using bursts can be explained
by the simultaneous creation of LIPSS onto which the nanoparticles are re-deposited,
compared to single pulses where no LIPSS are formed (cf. Figure 17c). The increase in
the surface area created by the LIPSS and the field enhancement in these crevices would
cause higher absorption, explaining the more vibrant colors unique to the burst process. In
addition, a larger color palette can be created using pulse bursts. By using the FlexBurst™
technology of the laser manufacturer Lumentum (formerly Time-Bandwidth Products,
Zurich, Switzerland) [177], it is possible to fade out some pulses in the burst, i.e., adapting
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the intra-burst delay in steps of 12.8 ns and also adapting the pulse energy of every indi-
vidual pulse within the burst. This modification of the bursts leads to a further increase in
Chroma (Figure 17a) and a larger color palette (Figure 17b) [178]. The developed strategy
was applied on the metals: gold, silver, copper, and aluminum.

3.3.3. Laser-Induced Periodic Surface Structures (LIPSS)

Laser-induced periodic surface structures, often also called ripples, can be applied
on almost every material surface using polarized light. Usually, linearly polarized light
is used to create such structures. Applications for LIPSS can be found in various fields.
The surfaces appearing in nature (colored surfaces, anti-reflection surfaces, hydrophobic
surfaces, wet and dry adhesion, and friction reduction) can be imitated [179] or the melt
flow resistance in injection molding of polypropylene can be reduced [180]. LIPSS can be
replicated as well on plastic parts [181,182]. The phenomena behind the creation of ripples
is discussed in several publications [183-186]. In the last years, multiple investigations
using pulse bursts have been performed with different polarizations of the pulses in double
pulses [187], different wavelengths in double pulses [188], and with variations in the energy
distribution [189,190]. In addition, the number of pulses in the burst has been varied by up
to 32 pulses [191].

Chroma * Nonburst —5% . r 1 T
a) = Burst b) =
+ Flexburst 0.8 < FlexBiirst
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Chroma Increase

Figure 17. Colors and corresponding topographies on a silver surface. (a) Graph of Chroma versus hue comparing colors
obtained after single pulse operation (e), burst (M), and flexburst (4) coloring. (b) CIE xy chromaticity diagram comparing
single pulse operation (e), burst (M), and flexburst (4) coloring. (c) SEM images of blue surfaces produced using single
pulse operation (left), burst (middle), and flexburst (right) coloring. The hue was more or less the same for all squares
(H ~295°), whereas the Chroma values equalled 22.3, 31.2, and 39.44. Nanostructures can be observed on the surfaces for
burst and flexburst processing. The relative energy distribution of the burst pulses and the orientation of the electric field
are given as insets. Reprinted from [178], Copyright Wiley-VCH GmbH. Reproduced with permission.
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Combining two time-delayed ultra-short pulses with different polarization states can
generate different structure types than conventional LIPSS, which are formed parallel to
the polarization direction for linear polarization [187]. Figure 18 shows the variations of the
surface structures produced by double pulses with delays of up to 10 ps (corresponding to
an intra-burst repetition rate of 100 GHz) and either cross-polarized (XP) or counter-rotating
circular-polarized (CP) pulses.

Increasing the number of pulses in the burst from 2 to 32 pulses while maintaining
the intra-burst delay of 1.5 ps (corresponding to a repetition rate of 666 GHz) and linear
polarization leads to an increase in the spatial period of the low spatial frequency LIPSS on
stainless steel, while the depth of the LIPSS remains almost constant [191]. It should be
mentioned that the spatial period of multiple pulses is always larger than for single pulse
operation. Increasing the intra-burst delay from 1.5 ps to 24 ps using double pulses also
leads to an increase in the spatial frequency, while the depth of the structures decreases
drastically. This decrease is attributed to shielding effects taking place for delays larger
than about 6 ps [191].
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Figure 18. SEM images of the surface structures on stainless steel irradiated with two different polarization configurations:

cross-polarized double pulses (XP) and counter-rotating circular-polarized pulses (CP). The rest of the process parameters
were fixed: 10 pulses per spot, hatch distance of 1 um, and a fluence of 0.1 J/cm?. The delay of the two pulses was varied as
indicated on top of the images. Reprinted from [187], copyright 2019, with permission from Elsevier.

Using cross-polarized light instead of the parallel polarization for all pulses in the
burst will lead to similar structures, as shown in Figure 18 [192]. Comparing the wettability
of triangular structures produced with a four-pulse burst at an intra-burst delay of 1.5 ps
(corresponding to an intra-burst repetition rate of 666 GHz) with normal LIPSS created
with a 16-pulse burst and an identical intra-burst delay shows only a difference in the
evolution of the water contact angle over time, known as the aging effect, for the two
different surface structures. The final water contact angle, which is reached after about
eight weeks, was principally the same. It can be concluded that not only does the surface
structures have an influence on the wettability but also the surface chemistry [192].

Another approach is to combine two cross-polarized pulses with different fluences.
The LIPSS’ orientation on a titanium substrate can be influenced by the fluence of the
delayed pulse and is in good agreement with the direction obtained by the vector sum of
the laser fields. For example, using two pulses with polarizations perpendicular to each
other with the same pulse energy, the LIPSS are formed at an angle of 45 degrees, while
when one pulse has half the energy of the other pulse, LIPSS are formed at an angle of
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24.5 degrees [190]. A similar setup but with equal polarization states for both pulses and a
fixed intra-burst delay of 160 fs (corresponding to a repetition rate of 6.25 THz) was used by
Hashida et al. [189]. The fluence of the first pulse was always below the threshold fluence,
whereas the fluence of the delayed pulse was above the threshold fluence. It was shown
that the laser fluence of the first pulse plays an important role for the spacing of the LIPSS.
The higher the fluence of the first pulse, the larger the spacing becomes. Comparing the
grating spacing produced with double pulses with the one produced with single pulses
with the same total energy shows no difference [189]. Larger intra-burst delays of 20 ns
(corresponding to a repetition rate of 50 MHz) have been used by Wang et al. [193] together
with a higher number of pulses. Depending on the used fluence of an individual pulse in
the burst, either low spatial frequency LIPSS (LSFL) or high spatial frequency LIPSS (HSFL)
are formed on the surface. For a fixed total fluence of the burst of 0.25 J/cm?, the formation
of HSFL is enhanced by using three or four pulses in the burst, as the fluence of each
pulse in the burst becomes smaller. Increasing the total fluence will lead to microgrooves,
nanoholes, and melt formations in the central region of the machined grooves, sometimes
referred to as “micro-hills” [194].

The use of double pulses with different wavelength (800 nm and 400 nm), fluences,
and intra-burst delays and the use of cross-polarization states was investigated by Hashida
et al. [188]. It was found that the fundamental pulse (800 nm) is responsible for the LIPSS
creation and its orientation, while the second harmonic pulse will optimize the uniformity
of the LIPSS if intra-burst delays of 0 to 2 ps are used. For delayed pulses (first pulse with
400 nm and the second pulse with 800 nm), the period and the direction of the ripples can
be changed [188].

Experiments investigating the influence of double pulses onto the LIPSS formation
have also been performed on semiconductors and glasses but are not further discussed in
this article [195,196].

3.4. Milling

The basic benefit of the burst mode for milling applications is illustrated by the
following consideration: milling applications are generally realized with galvanometric
scanners offering maximum marking speeds of a few tens of m/s [197]. The pulse to pulse
distance, i.e., the pitch, is defined by the repetition rate of the laser and the marking speed
of the scanner. Thus, the maximum scanner speed limits the applicable laser repetition
rate if a certain minimum value of the pitch has to be kept. Therefore, often pulse energies
and peak fluences far above the optimum value are used to take advantage of the full
average power of the used laser system. At this high fluence, the energy specific volume is
significantly lower than its maximum value, as illustrated in Figure 19a, for single pulses
having a peak fluence of 8 times the optimum value. Dividing this energy into n sub-pulses,
i.e,, into an n-pulse burst, reduces the fluence of these sub-pulses and shifts the energy
specific volume for each pulse within the burst nearer to its optimum value (cf. Figure 19a).
Additionally, following Figure 5, the ablation process is moved from the phase explosion
into the spallation regime and an improved surface quality can be expected. It has to be
noted that the heat accumulation is only slightly affected. Calculations for steel 1.4301 (AISI
304) [14] following the analytical model presented in [73] reveal that the temperatures just
before the next burst sequence impinges on the surface do not differ between a four-pulse
burst and single pulses with four times higher pulse energy (cf. Figure 19b).

The machining of stainless steel in single pulse operation is only possible in the low
fluence regime, as the hole and spike formation limit the surface quality and therefore the
productivity at higher fluences [14,198]. Using MHz bursts, the fluence of an individual
pulse in the burst can be above the optimal fluence, as the bursts help to avoid this hole
formation and therefore are more beneficial [60]. As shown in Section 2.3., machining using
a triple pulse on copper can be more efficient than using single pulse operation. A milling
result using this strategy is shown in Figure 20.

30



Materials 2021, 14, 3331

It should be mentioned here that, to optimize the productivity in ultra-short pulsed
laser milling, not only the ablation process itself must be optimized but also the scan
strategy. It has been shown that by using optimized scan speeds, the time for machining a
certain geometry, e.g., a line, can be optimized in the case of galvanometer scanners [197].
The given values of the energy specific volume are for 100% laser-on time, which is not
true for galvanometer-based scanning using the sky-writing mode, which is used to obtain
the best machining quality, i.e., no over-engraving near the edges [199]. The optimization
of the energy specific volume alone makes no sense if the duty cycle of the scanner is near
zero in the final application.
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Figure 19. (a) Normalized energy specific volume as a function of the normalized peak fluence and the corresponding
energy specific volumes for a total fluence of 60 times the threshold fluence for single pulses, double pulses, and bursts
consisting of 4 and 8 pulses. (b) Temperature rise on the scan line just before the next burst sequence impinges on the

surface for a 4-pulse burst on steel 1.4301 (AISI 304) with 12 W average power, 500 kHz repetition rate, and a pitch of 8 pm.
The temperature rise is plotted for a burst with 4 pulses (blue line), single pulses with 4 times higher pulse energy (red
dashed line), single pulses with 4 times higher repetition rate of 2 MHz (magenta dotted line), and single pulses having the
same energy at a repetition rate of 500 kHz (black dash-dotted line). The plateau denotes the region where melting happens.

The distance x is given in units of the spot radius w, and, as the previous pulse has struck the surface at x = —0.5-w, the

maximum temperatures appears around this region. (b) was reprinted from [14].

The former considerations are based on the assumption that only the peak fluence
of the single pulses in a burst defines the energy specific volume and that the latter does
not depend on the number of pulses per burst. This is definitively not the case, as, e.g.,
shown in [14,130] for stainless steel and as discussed in Sections 2.3 and 2.4, as the number
of pulses as well as the intra-burst delay affect the energy specific volume. Further, to
compare situations with equal average power single pulse operation, a repetition rate frep
should be compared with a n-pulse burst with a repetition rate of f.,/n. In Figure 21,
based on the results for stainless steel 1.4301 (AISI 304) machined with 10 ps pulse duration
at a wavelength of 1064 nm and a spot radius of 15.5 um [14], the energy specific volumes
as well as the removal rates are shown for bursts consisting of eight, four, two, and one
pulses at corresponding repetition rates of 200 kHz, 402 kHz, 804 kHz, and 1610 kHz,
respectively. Up to an average power of about 7.5 W, the energy specific volume for single
pulses at a repetition rate of 1610 kHz exceeds that of the burst with eight pulses, and the
corresponding removal rates are higher for single pulses. For higher average powers, the
situation changes, and bursts with eight pulses become more efficient, while the removal
rate exceeds that of all other presented situations. These effects could eventually be
caused by the smoothing effect and the reduction in the surface structures as shown in
Figures 13-15.

31



Materials 2021, 14, 3331

Figure 20. Example of efficient laser milling. (a) Optical image of the coat of arms of Lithuania milled in a copper plate.
(b) SEM image of laser-milled surface illustrating layer-by-layer removal. (c) SEM image of the bottom surface of the
laser-milled cavity. Laser parameters—triple pulse, laser wavelength of 1030 nm, burst repetition rate 300 kHz, intra-burst
repetition rate of 64.5 MHz, and beam scanning speed of 1 m/s. Reproduced under the terms of a Creative Commons
Attribution 4.0 International License, (https://creativecommons.org/licenses/by/4.0/ (accessed on 31 May 2021)) [18].
Copyright 2019, the authors, published by Springer Nature.
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Figure 21. (a) Energy specific volumes and (b) removal rates for steel 1.4301 (AISI 304) machined with pulses of 10 ps pulse
duration with a wavelength of 1064 nm and a spot radius of 15.5 um. To guarantee identical peak fluence of the individual
pulses, the laser repetition rate was 1610 kHz for single pulses, 804 kHz for the double pulse burst, 402 kHz for the burst
with four pulses, and 200 kHz for the burst with eight pulses. Data extracted from [14].
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The situation may change when higher repetition rates are used for single pulses,
e.g., by using polygon line scanners, which can now achieve marking speeds of several
100 m/s [200,201]. However, the scale-up process is limited either by heat accumulation,
especially for steel, and /or shielding effects discussed in the double pulse section, as shown
in [202].

Therefore, for concrete applications, an optimization of processing strategies with
respect to the number of pulses per burst, the laser repetition rate, the spot size, and the
machining quality is demanded to find the best-suited parameters. Dual process strategies
using different parameter sets, e.g., one for roughing with high energies and high removal
rates followed by one with pulse bursts, either in the MHz or even the GHz regime used for
finishing /polishing are very promising. For example, a dual process strategy of alternating
GHz bursts and conventional processing was presented to achieve a good surface quality
of machined pockets while decreasing the processing time by a factor of two, as illustrated
in Figure 22.

Figure 22. SEM images of milled squares with a scan speed of (a) 2.5 m/s and (b) 1 m/s at a conventional process and 1 m/s
for (c) using the dual process strategy. The surface roughness of the inner ground was S; = 0.23 pm and S, = 4.1 pum for (a),
but was not measurable because of high occurrence of bumps for (b); and S; = 0.13 um and S, = 3.4 um for (c). Although
the scanning speed equaled that of (b), the edge and surface quality was the best and just the line spacing during polishing
limited the relatively high S, value. Reproduced from ref. [164] with permission from Japan Laser Processing Society.

Brenner et al. [203] demonstrated another interesting application by combining abla-
tion processing in burst mode followed by a cleaning and an additional polishing process
for large-format 3D mold tools. Another new approach of combining MHz and GHz
bursts, the bi-burst mode, was recently presented in [24,131], but, in milling applications
for copper and steel, this mode did not reveal higher removal rates compared to single
pulses. In the field of laser burst processing, a comparison of literature data regarding
roughness and energy specific volumes for different metals is a challenging task due to
different study designs. For a comprehensive comparison of data for at least the metals of
copper and stainless steel, the reader may refer to [24].

To conclude, the combination of different processes taking benefit of the advantages
of each milling process to obtain optimum quality and machining time when using MHz
and GHz bursts is a widely open field and still demands further research.

3.5. Further Applications

Besides the micromachining of metals in the industrial environment, pulse bursts are
also used in several other fields. As a completion, these topics are briefly introduced in the
following subsections.
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3.5.1. Laser-Ablative Space Propulsion

Another possible application of ultra-short laser pulses is the propulsion of either
space vessels or space debris. When irradiating material and inducing ablation, the sample
experiences a small force in the range of nN or even uN. The ablated material serves as
propellant material. This force can be used as thrust to either stabilize and correct the
orbits of space vessels, such as satellites, or to decelerate space debris in order to clean
the earth’s orbit [204-210]. Recently, it was shown that using ultra-short double pulses
can give added value to this specific application. When using double pulses, material is
pushed back to the initial surface. It was shown that, on the one hand, the measured thrust
increases by a factor of two when using a double pulse instead of a single pulse of the
same total energy (or using the same average power for processing) [114]. On the other
hand, since the material is pushed back and can be used as propellant again, the thrust
per ablated mass increases by a factor of three, leading to a more efficient propulsion and
propellant conservation at the same time [114].

3.5.2. Laser-Induced Breakdown Spectroscopy

Since ablated material is able to shield subsequent laser pulses, a specific technique
allowing the characterization of matter, laser-induced breakdown spectroscopy, can profit
from the atomization of the shielding matter due to the emittance of characteristic spectra.
LIBS relies on spectra emitted from the vapour and plasma created after a laser pulse hits a
material surface. Either the occurrence or the intensity of specific characteristic emission
lines as well as the ratios of such lines is investigated to gain information about the material.
This characterization technique principally goes back to the early years of the laser in the
1960s after the first demonstration of Q-Switch lasers, and, until the end of the 20th century,
it was basically performed using lasers with nanosecond pulse durations [211-213]. In
1998, the first LIBS measurements were reported using ultra-short pulsed lasers [214], and
it was found that the ablation process itself and the atom excitation is more reproducible
for fs than for ns pulses [215]. Hence, less energy is needed for excitation, which is
crucial for the characterization of specific samples in order to keep the destruction of those
limited, e.g., when examining paintings [216-218] or explosives [219-221]. Additionally,
the sensitivity is higher when using fs lasers [215]. Several summarizing papers can
be found in the literature regarding the single pulse fs-LIBS technique [222-224]. Signal
enhancement of the observed spectra can be obtained when using double pulses or multiple
burst pulses [7,91,223,225,226], since the atomistic and plasma excitation and resulting
temperatures are much higher compared to single pulses, as has been discussed before.
While material processing scientists may suffer from ablation suppression when using
double pulses, spectroscopists look forward to the enhanced excitation of matter due to the
atomization of the shielding material.

3.5.3. Generation of Particle Beams and X-rays

Ultra-short laser pulses can also be used for the generation of beams consisting of
particles such as protons, electrons, and heavy ions as well as X-rays [227-237] due to the
excitation of matter and the generation of high-energy plasmas. The range of radiation
that can be generated is already extensive, but the range of applications is even wider
and includes medical applications in radiology and radiotherapy [227,238-240]. Moreover,
characterization of matter can be performed using a variety of investigation methods based
on particle beams [233,235,236]. Several aspects, such as generated intensity, quality and
purity of the spectra, as well as well-defined energies of the created radiation, are important
for such applications and rely highly on the correct excitation of matter.

Double pulses (sometimes referred to as pre-pulses in this specific field of particle
science) allow a specific manipulation of the excitation states of warm matter. The pulse
delays lie in the range of the pulse duration (several 10 to 100 fs) and up to several ps and
allow the energy and spectrum of highly charged silver ions [241], the energy and spectrum
of created protons [231,242], and the spectrum of created X-rays to be tuned [243].
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References

4. Conclusions

Metal processing using ultra-short burst pulses has been an emerging field in laser
processing in the past decade and is still a subject for further investigation. In this review
article, the physical mechanisms involved during laser burst processing were summa-
rized. Several aspects such as the shielding of radiation, the re-deposition of material,
enhanced absorptance, and heat accumulation have to be considered when designing
ablation processes as the intra-burst delay is shortened and the number of pulses within
bursts is increased. Although the occurring phenomena are widely understood for double
pulses, the involved phenomena being able to explain the measured removal rates and
energy specific volumes for triple and multi-pulse burst ablation for different metals are
not understood to a large extent. Therefore, research in this field is still needed.

Re-deposition of material can be utilized for surface polishing when using burst pulses
in the MHz regime for processing. It allows a smoothing of material surfaces with a low
number of burst pulses due to re-deposition of material in the liquid state. For higher pulse
numbers within a burst, heat accumulation enhances this effect and can lead to stable melt
layers on the surface during processing. If the intra-burst repetition rate is increased to
several GHz or more, heat accumulation effects can be utilized to smooth the surface (for
lower pulse energies) and to enhance ablation (for higher pulse energies) in the sense that
it becomes as effective as ns laser processing. The increase in ablated volume per energy
and per time is accompanied by a higher surface roughness, which fits the effects known
from ns laser ablation.

The occurring physical mechanisms allow a variety of innovative applications, in-
cluding surface smoothing, plasmonic coloring of surfaces, and, in general, an optimum
distribution of energy in order to completely utilize the average power of ultra-short pulsed
lasers. The future belongs to laser systems that allow a variety of burst pulse combinations
with intra-burst repetition rates in the MHz and the GHz regimes, allowing a realization of
combined processes on the machined workpiece.
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Abstract: In the last decades, digital manufacturing has constituted the headline of what is starting
to be known as the ‘fourth industrial revolution’, where the fabrication processes comprise a hybrid
of technologies that blur the lines between fundamental sciences, engineering, and even medicine as
never seen before. One of the reasons why this mixture is inevitable has to do with the fact that we
live in an era that incorporates technology in every single aspect of our daily lives. In the industry,
this has translated into fabrication versatility, as follows: design changes on a final product are
just one click away, fabrication chains have evolved towards continuous roll-to roll processes, and,
most importantly, the overall costs and fabrication speeds are matching and overcoming most of
the traditional fabrication methods. Laser-induced forward transfer (LIFT) stands out as a versatile
set of fabrication techniques, being the closest approach to an all-in-one additive manufacturing
method compatible with virtually any material. In this technique, laser radiation is used to propel the
material of interest and deposit it at user-defined locations with high spatial resolution. By selecting
the proper laser parameters and considering the interaction of the laser light with the material, it is
possible to transfer this technique from robust inorganic materials to fragile biological samples. In
this work, we first present a brief introduction on the current developments of the LIFT technique by
surveying recent scientific review publications. Then, we provide a general research overview by
making an account of the publication and citation numbers of scientific papers on the LIFT technique
considering the last three decades. At the same time, we highlight the geographical distribution
and main research institutions that contribute to this scientific output. Finally, we present the patent
status and commercial forecasts to outline future trends for LIFT in different scientific fields.

Keywords: laser printing; laser-induced forward transfer (LIFT); digital manufacturing; additive
manufacturing; printing of materials

1. Introduction

Digital manufacturing comprises fabrication approaches and techniques to create
functional structures and devices where the design, modification, and final optimization
can be performed digitally. The biggest advantage over conventional fabrication is the
possibility to work without masks, master samples, or molds, allowing design correction
in parallel with fabrication. In general, these techniques constantly try to solve key open
challenges, such as low overall fabrication costs, industrial scalability, and compatibility
with current techniques, wide material compatibility, and high spatial resolution and
reproducibility. Researchers and engineers pursue the creation of an all-in-one technique
that tackles these challenges but, unfortunately, this is an elusive task, since in most of
the cases, there are limitations in at least one of these fronts. For example, despite the
fact that there are numerous fabrication techniques with good performances in laboratory
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conditions, one of the biggest problems still comes when these fabrication techniques are
required to perform in real industrial workspaces, where scalability and mass production
at the lowest costs and highest speeds mark clear quests for developers.

In the present paper, we center our attention on a specific laser printing technique
commonly known as laser-induced forward transfer (LIFT). In laser printing via LIFT,
irradiation from a laser source is focused on a donor substrate that contains the material of
interest. The interaction of the radiation with the donor material results in the propulsion
of a tiny amount of material towards an acceptor substrate conveniently positioned, giving
a place for the formation of a printed voxel. Through the sequential printing of voxels,
it is possible to generate practically any layout. Originally, the technique was mostly
suitable for pulsed laser sources using mainly solids as donor material, which limited its
scope but, nowadays, the increasingly wider availability of reliable and affordable laser
sources (either pulsed or CW, with different wavelengths), combined with the adequate
material preparation (solid, paste, or liquid form), it is possible to create devices for the
microelectronics industry, as well as miniaturized tests for microbiology, and it has lately
shown potential for tissue engineering applications, among many others. Importantly, this
paper does not intend to be the ultimate review of the technique (for that, we will direct
the reader to corresponding review papers), and neither is it an open discussion on the
most recent advances. We start the introduction by surveying review papers on the current
developments and sky edge applications that implement this printing technique, such
as the ones in references [1-3]. From there, the principle of operation for the transfer of
materials disposed in solid, paste, and liquid films for diverse applications is discussed.
With this information in hand, we then provide a general assessment on the past, present,
and future of the LIFT technique considering published patents and patent applications
where the LIFT is the central technique. Finally, by analyzing commercial data from the
broader picture of additive manufacturing, we present commercial forecasts and possible
trends for the LIFT technique in exploitable scientific areas, such as electronics, biology,
and medicine, to name a few.

2. A Brief Overview of the Laser-Induced Forward Transfer (LIFT) Technique

In the printing of materials via laser-induced forward transfer (LIFT), the material
of interest is generally disposed as a thin film onto a transparent substrate called the
“donor substrate”. A laser beam is then focused at the interface between the thin film and
the holding transparent substrate, producing a micro-explosion that propels the material
forward. When another “receptor substrate” is positioned at a convenient distance from
the donor, the propelled material is safely deposited at specific user-defined positions.
Traditionally, a pulsed laser is used, and each pulse produces a printed voxel of material,
the volume of which volume can be as low as a few femtoliters [4]. Recent developments
have implemented approaches that allow the printing of materials with two or more
laser pulses [5,6], and even continuous wave (CW) laser sources [7]. The resulting pixel
geometry and amount of transferred material depend on parameters regarding the initial
conditions of the donor material (thickness, viscosity, optical properties), the use of an
additional sacrificial absorbing layer (commonly known as a dynamic release layer or
‘DRL), the physical and chemical properties of the receptor substrate (wetting, oxidation,
temperature), and the laser conditions (fluence, intensity distribution, wavelength, pulse
duration). Figure 1 contains a sketch that displays the general configuration and main
elements in a traditional configuration to transfer materials via LIFT.
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Figure 1. Sketch (not to scale) that includes the main elements of an experimental setup to print
materials via LIFT.

In order to provide a classification scheme for all the LIFT variants, we can use as a
sorting parameter the disposition of the material to be transferred, being (i) materials in a
solid state, (ii) pastes, (iii) or simply liquids. In the following, we will briefly discuss the
principles of operation for each case and provide relevant examples for each case.

2.1. LIFT from Solids

In this group of applications for the LIFT technique, the starting base material in the
donor film corresponds to a solid layer, that usually absorbs the incoming radiation and is
expelled towards the receptor substrate [1]. Two general scenarios could be drawn depend-
ing on how the material is modified by the laser radiation; in the first one, the solid material
is locally melted, and it is the liquid phase that is propelled forward [8]. The solidification
occurs generally on the receptor substrate in the form of isolated hemispherical droplets,
as displayed in Figure 2A. A second case takes place when the material to be transferred
should not undergo any material phase change. This particular approach is suitable for
extremely sensitive materials where the crystalline structures should be conserved after
the transfer, or the material is highly sensitive to thermal changes induced by the laser
irradiation. In this case, the use of an intermediate sacrificial layer is implemented. This
layer will absorb most of the incoming radiation, producing the localized explosion that
will propel the material of interest towards the receptor substrate [9]. The transfer dynamics
in this case is more complex, since it involves the participation of an additional material
that will react differently to the laser radiation, as displayed in Figure 2B.
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Figure 2. Printing of materials starting from a solid donor film following two different scenarios.
(A) Melted material, where the final output corresponds to individual spherical particles. Reprinted
under creative commons permission (CC BY-NC-ND 4.0) from [8], copyright 2018, De Gruyter.
(B) In this transfer, the use of a sacrificial layer allowed the printing of an array of microspheres
that followed the square shape distribution of the incident laser beam. Reprinted with permission
from [9], with the permission of AIP Publishing (Copyright 2010).

2.2. LIFT from Pastes

In this particular case of the LIFT technique, also known as laser decal transfer (LDT),
the donor material is a highly viscous paste. Due to the nature of both material and
processing conditions, the paste is not subjected to deformation due to surface tension
effects. Typically, the transferred material shape has the same geometry as the laser intensity
distribution, which allows the transfer of voxels of material with complex shapes when
a regular LIFT setup is combined with digital micromirrors, spatial light modulators, or
phase masks to define a particular intensity distribution profile. In the example shown in
Figure 3 [10], the donor material corresponds to a silver nanoparticle suspension with a
viscosity of 100 Pa.s. Congruent transfers occur when the right viscosity is achieved. The
laser radiation impinges the donor film from the top and the interaction is produced at the
interface between the transparent holder substrate and the paste film. In the figure, each
image corresponds to a frame of a video acquired with a high-speed camera at the times
indicated in the insets. The whole transfer process corresponds to a single event. When a
receiving substrate is placed close by, the resulting deposition corresponds to a flat cylinder
in the form of a wafer, the thickness of which is similar to the one of the donor films.
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Figure 3. (A) Snapshots of a high-speed video of the transfer via LIFT of a high viscosity silver paste.
In the top figure, a single laser pulse with a circular shape comes from the top, pushing downwards a
‘coin-like’ voxel that flies towards the receptor substrate without breaking. The schematics is included
in (B), and a topography acquired via AFM of the final printed material is shown in (C). The figure
has been reprinted from [10], with the permission of AIP Publishing (Copyright 2013).

2.3. LIFT from Liquids

A plethora of variants exist when the material to be printed is disposed as a liquid film
in the donor substrate [1,3]. The transfer dynamics are similar to the previous examples;
however, there are additional parameters to consider, particularly regarding the energy
absorption in the liquid and the rheological conditions of the material. In general, once the
laser is absorbed by the liquid or the intermediate absorbing layer, a bubble is produced,
followed by the formation of a jet that travels at high speed towards the receptor substrate
conveniently placed in the vicinity of the donor substrate. The liquid jet gently feeds what
will finally turn into a printed pixel in the shape of a hemispherical droplet, the dimensions
of which depend on the amount of transferred material and the surface energy of the
liquid on the surface of the receptor substrate. Figure 4 shows examples of LIFT of liquids
with no use of an intermediate layer (Figure 4A [11]), with a metallic absorbing layer
(Figure 4B [12]), and with the use of an absorbing polymer layer (Figure 4C [13]). More
detailed examples can be found in the most recent review articles on the technique [1,3].
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Figure 4. (A) No sacrificial layer (the liquid absorbs the laser radiation). Reprinted from [11],
copyright (2016), with permission from Elsevier. (B) Metallic intermediate layer. Reprinted from [12],
copyright (2017), with permission from Elsevier. (C) Blister-actuated LIFT based on the use of a
polymer absorbing layer. Reprinted /adapted from Ref. [13] (Copyright 2018) with permission from
Wiley Books.

3. LIFT Scientific Literature

The first report on the idea of using a laser beam to propel materials towards a recep-
tor substrate was published by Levene et al. in 1970 [14]. In that experiment, the donor
substrate was a polyethylene typewriter ribbon covered with black ink. Material deposition
was reported to be feasible for both forward (such as in Figure 1) and backward config-
uration (originally called ‘reverse transfer’, where the material is ejected in the opposite
direction to the laser beam), producing continuous printed lines of ink. It was not until
1986 that Bohandy et al. [15] coined the term LIFT (laser-induced forward transfer) in what
became one of the most cited papers on the field. Since then, numerous reports have been
published, accounting for 661 peer-reviewed papers, as can be seen in the plot of Figure 5,
with an increasing number of citations according to the ISI Web of Science database.
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Figure 5. Number of published peer-reviewed articles (grand total of 661) and total number of
citations per year. Data obtained via the ISI Web of Science, by sorting the keyword “laser induced
forward transfer” as of 11 November 2022.
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It has to be noted that, in most cases, when talking about transferring materials via
LIFT, the material to be deposited is virtually the same as that disposed in the donor
substrate. In the cases where the material is significatively altered compared to the donor
material, we have only included studies called reactive LIFT (r-LIFT), in which the material
changes its chemical composition mainly due to the action of traveling through a reactive
atmosphere or by producing certain structural change due to the laser radiation [16]. It is
not the case for the papers regarding matrix-assisted pulsed laser evaporation (MAPLE),
which also follows the printing principle of LIFT, but that are not included in the data of
Figure 5. The MAPLE technique has grown significantly and independently, generating a
full string of numerous papers that deserve their own study; for this reason, they are out of
scope in the present paper.

Among the publications included in Figure 5, the top five journals where the research
was published were Applied Surface Science (13%), Proceedings of SPIE (9%), Applied
Physics A (7%), Applied Physics Letters (3.6%), and the Journal of Laser Micro Nanoengi-
neering (3.2%). An extended list is included in Table 1. Using the classification proposed by
the ISI Web of Science, the fields which these publications fall into include applied physics,
materials science, optics, physical chemistry, and condensed matter.

Table 1. Journal names and number of papers published on LIFT, according to the ISI Web of Science,
by sorting the keyword “laser induced forward transfer” as of 11 November 2022.

Publication Name Number of Papers ~ Percentage (%)
Applied Surface Science 84 12.7
Proceedings of the .Society Aof Photo Optical 59 8.9

Instrumentation Engineers SPIE

Applied Physics A Materials Science Processing 48 7.2
Applied Physics Letters 24 3.6
Journal of Laser Micro Nanoengineering 21 3.1
Optics Express 14 2.1
Journal of Applied Physics 11 1.6
Conference on Lasers and Electro Optics 9 1.3
Journal of Physics D Applied Physics 9 1.3
Nanomaterials 9 13

We have plotted the same data of Figure 5 in a map displayed in Figure 6. The number
of publications is sorted by the country where the corresponding author institution was
reported. From here, we can see how the most productive region overall is Europe, with
notable contributions from North America and Asia. An interactive tool is included as a
Supplementary Material.

Table 2 contains a list with the names of the main funding agencies that made possible
most of the contributions of the researchers on the field in these countries, including
the number of papers produced and its percentage with respect to the total number of
publications (661). This information is also available at the ISI Web of Science database.
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Publications on LIFT around the world

Number
of papers
160

Figure 6. Geographical distribution of the total amount of publications per country on LIFT around
the world. Data obtained via the ISI Web of Science by sorting the keyword “laser induced forward
transfer” as of 8 June 2022. An interactive resource is available as a Supplementary Material.

Table 2. Main international funding agencies that support the research reflected in the published
papers on LIFT, according to the ISI Web of Science, by sorting the keyword “laser induced forward
transfer” as of 11 November 2022.

Institution Country Number of Papers Percentage (%)
European Commission European countries 99 149
National Natural Science Foundation of China China 34 51
National Science Foundation United States 25 3.7
German Research Foundation Germany 24 3.6
Office of Naval Research United States 23 3.4
Engineering Physical Sciences Research Council United Kingdom 21 31
UK Research Innovation United Kingdom 21 3.1
French National Research Agency France 19 2.8
Spanish Government Spain 19 2.8
Swiss National Science Foundation Switzerland 13 1.9

4. Industrial Perspectives
4.1. Patent Applications Landscape

Relevant technological throughputs are often published as patents in order to grant
intellectual property rights to the authors. It is important to note that patent applications
and the process for their publication follows a procedure that is dramatically different
from the one of scientific publications, and technical language is often used in combination
with economic and legal terms, in order to provide a solid legal ground for protecting
the technology as much as possible. For this reason, we focus our attention on patents
that contain the keywords “laser induced forward transfer” from two public patent office
databases, considering that the majority of publications on LIFT are located in these two
regions according to Figure 6. These patent office databases are the European Patent Office
(EPO) and the United States Patent and Trademark Office (USPTO). Based on this premise,
we select patents publications that are publicly accessible and published with an assigned
patent publication number, regardless of the acceptance or licensing status. In the following
data we, therefore, jointly present patents with patent applications. We find 321 patents
reported in the EPO and 303 in the USPTO, that, regardless of the publication country,
are reported in these databases. Due to the large number of items, the specific lists are
included as a Supplementary Material. The following plot in Figure 7 shows the number of

52



Materials 2023, 16, 698

patents and patent publications over time, considering the early publication date for the
EPO results and the publication date for the USPTO results.
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Figure 7. Number of published patent applications reported in the European Patent Office (EPO)

and the United States Patent and Trademark Office (USPTO) per year. Data obtained on the re-

spective databases, by sorting the keyword “laser induced forward transfer” as a whole string on

11 November 2022.

4.2. Commercial Forecast and Future Trends

From the current report on “The worldwide market for lasers: market review and
forecast 2020” [17] from the European Photonics Industry Consortium (EPIC), that includes
projections from 2020 to 2025 on different industries where laser processing of materials is
at the center, we can extract an overview for future projections from the economical point
of view.

We identify three main areas of revenue where laser printing can find a niche for devel-
opment into industrial applications, including all the available commercial applications. As
a disclosure note, these are just a limited selection of the biggest commercial areas. These
areas are additive manufacturing, laser-based paper printing, and medicine. In the case of
additive manufacturing, the reported total gross revenue for all applications accounted for
75.3M US dollars in 2022. It is projected a growth of 13.1% over the current decade. The
second area of laser-based paper printing accounted for a revenue of around 48.5M US
dollars for the year 2022; however, in this case, it is forecast that laser-based technology
revenue in this commercial area will decrease over 4% over the current decade, mainly due
to a shift toward a paper-less work culture that will mean a decrease in sales of printers
in general. Finally, for the area of medicine, the revenue accounted for about 1500M US
dollar in 2022, with an average growth estimation of about 7.4% over the current decade.
For the LIFT technique, these figures are encouraging, particularly since the characteristic
properties of the technique are suitable for the printing of complex materials in all the
mentioned areas, as we will discuss in the following.

In the area of additive manufacturing, the selective deposition of materials to fabricate
three-dimensional structures has been commercially exploited thanks to important develop-
ments in techniques and machines for the printing of polymers, metals, and ceramic-based
materials. Commercial 3D printers are one successful example that has been booming
in the last decade, and allows us to produce easily accessible methods for functional de-
vices without the need for expensive lab equipment. In these printers, the material of
interest is generally deposited in a layer-by-layer fashion, and it is subsequently melted at
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user-defined locations due to the interaction with an energetic laser beam [18-20]. At the
end, several two-dimensional stacked layers lead to the fabrication of three-dimensional
solid structures. The fundamental operation of these 3D printers has been applied for the
additive deposition of diverse materials, allowing the fabrication of glass and polymer lab-
on-a-chip devices with micrometer resolutions [21,22], as well as the construction of resin
boats [23] and metallic rocket fuel tanks [24] of exceptional quality. The same principles
for printing are used with the LIFT technique. There are numerous publications where
the printing of solids, pastes, and liquid containing conductive materials have been used
for the fabrication of conductive paths [25-27], light-emitting diodes [28], solar cells [29],
and materials used for microsensors [30]. An important advantage over other printing
techniques, such as ink-jet printing, relies on the fact that these systems are able to work
with a wider viscosity range of inks with nanoparticle suspensions, which opens a wider
variety of printable materials suitable for electronic applications, especially in the case of
high-viscosity pastes made from particles with particle sizes in the microscale [1].

In the area of laser-based paper printing, there is one example of a commercial initiative
that used the LIFT technique for graphical design paper printing on large areas. The
machine was named Lasersonic, and it was capable of printing inks on paper at rates of
1.3 m? /min, with resolutions of 600 dpi [31]. In this application, the ink used was disposed
as a thin liquid film, the thickness of which was regulated by cylinders that provided a
virtually unlimited ink supply, allowing for printing the ink at such high speeds in a roll-to-
roll setup, demonstrating compatibility with current industrial fabrication techniques. The
same principle can be applied for the commercial printing of flexible substrates, largely
used in electronic devices, such as sensors [32], displays [33], electronic components [34],
and solar cells [35], to name a few. In addition, it has been recently demonstrated that
the printing of conductive inks via LIFT on paper can also be used for the fabrication of
low-cost electronic devices [32].

In the area of medicine, the LIFT technique is of particular interest in the development
of tissue printing for the fabrication of organs and organelles [36—40]. A success commercial
example is the company Poietis, whose 4D Bioprinting technique incorporates a LIFT device
into a commercial bioprinting machine for single-cell transfer. The advantages of the LIFT
technique regarding positioning and controlled volume deposition, in combination with an
in situ optical microscope, allows this machine to track over time the growth of individual
cells and extracellular matrices. The company founders have different publications on the
characterization of the technique towards its usage in bioprinting [41], as well as different
patents where the LIFT technique is the core approach for the transfer of different biological
materials. Although there are open challenges to be overcome, such as open questions
regarding donor film drying (in the case of liquid donor films), cell aggregation, and
potential metal toxicity, among others [38], there are advances on the field where the LIFT
technique has been shown as useful for the transfer of biological materials [36-39]. It is
also interesting to point out that by sorting out the strings “laser induced forward transfer”
with “organ” and “organelle” in the EPO patent database, just in the last decade, 45 + 12
patents have been filed, which constitutes 17.7% of all of the patents data shown in Figure 7
for the EPO results. This demonstrates the exploitation potential for future technologies
and a crescent interest not only from researchers, but also from companies in the medical
and biological areas.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma16020698 /s1.
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Abstract: Ultrashort pulse laser processing can result in the secondary generation of unwanted
X-rays if a critical laser irradiance of about 10’3 W cm~? is exceeded. Spectral X-ray emissions were
investigated during the processing of tungsten and steel using three complementary spectrometers
(based on CdTe and silicon drift detectors) simultaneously for the identification of a worst-case
spectral scenario. Therefore, maximum X-ray photon energies were determined, and corresponding
dose equivalent rates were calculated. An ultrashort pulse laser workstation with a pulse duration of
274 fs, a center wavelength of 1030 nm, pulse repetition rates between 50 kHz and 200 kHz, and a
Gaussian laser beam focused to a spot diameter of 33 um was employed in a single pulse and burst
laser operation mode. Different combinations of laser pulse energy and repetition rate were utilized,
keeping the average laser power constant close to the maximum power of 20 W. Peak irradiances I
ranging from 7.3 x 10'> W em™2 up to0 3.0 x 10" W cm 2 were used. The X-ray dose equivalent rate
increases for lower repetition rates and higher pulse energy if a constant average power is used. Laser
processing with burst mode significantly increases the dose rates and the X-ray photon energies. A
maximum X-ray photon energy of about 40 keV was observed for burst mode processing of tungsten
with a repetition rate of 50 kHz and a peak irradiance of 3 x 10 W ecm~2.

Keywords: ultrashort pulsed laser; X-ray emission; X-ray spectrum; X-ray energies; X-ray dose rate;
radiation protection

1. Introduction

Already since the 1980s, it has been established that X-rays can be emitted from
laser-induced plasmas. Early investigations were performed in vacuum [1]. In the early
2000s, the first investigations during ultrashort pulse laser materials processing of copper
with a repetition rate of 1 kHz in air were conducted. Thogersen et al. [2] measured a
maximum dose rate of X-rays of approximately 10 mSv h~! at a distance of 13 cm and
Bunte et al. [3] determined a maximum dose rate of approximately 50 mSv h~" at a distance
of 10 cm, whereby the specifically measured radiological operational quantity was not
explicitly specified in both studies. For steel and tungsten processed at higher repetition
rates of 400 kHz, Legall et al. [4] found in 2018 even higher dose equivalent rates H'(0.07)
of 163 mSv h~! at a distance of 42 cm exceeding typical radiation protection safety limits,
which revealed a potential safety risk for the operating staff of the ultrashort pulse laser
(USPL) machine.

Several investigations were performed to analyze the X-ray emission for different
laser and process parameters during ultrashort pulse laser machining of various technical
materials [5-17]. Recently, possibly harmful X-ray emission was observed already at laser
irradiances below 10> W ¢cm 2 [18,19]. Especially the burst modes of laser machines were
identified as a configuration that can lead to very high dose rates in the ultrashort laser
pulse processing of metals [20,21]. During burst mode processing, pulse trains (bursts) with
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up to 100 sub-pulses per burst and intra-burst pulse repetition rates in the MHz to GHz
range are typically generated by current commercial laser systems [22,23]. When using
burst mode settings, the pulse energy from a single laser pulse is divided into a predefined
number of sub-pulses with corresponding (lower) sub-pulse energies.

Besides the dose equivalent rates, the spectral flux of the emitted X-ray photons is
of special interest as the transmission of X-rays through a radiation protection housing
strongly depends on its spectral distribution.

This study aims to identify an X-ray photon spectrum showing the maximum X-ray
energies that can be generated during ultrashort pulse laser material processing of steel
and tungsten in air, the so-called “worst-case spectrum”. For that, the X-ray spectra were
measured during the machining process for different laser and process parameters. The
corresponding dose equivalent rates were calculated from the spectra.

2. Materials and Methods
2.1. Ultrashort Pulse Laser System

The investigation was performed with an ultrashort pulse laser machine emitting
an average power of 20 W at a center wavelength of 1030 nm (GL.evo, GFH GmbH,
Deggendorf, Germany), equipped with a Pharos-Laser (PH2-20W, Light Conversion, Vil-
nius, Lithuania). The laser pulse duration of 274 fs was kept constant. The laser beam
was focused on the workpiece featuring an 1/e2-spot diameter of 33 um. This value was
taken from a configuration file provided by the manufacturer of the laser machine. It
was operated here in an industrial setting that regularly does not involve an individual
beam diameter evaluation for each laser process. The detailed processing parameters are
listed in Table 1. Different combinations of laser pulse energy and repetition rate were
chosen, whereby the laser pulse energy was varied between 91 pJ and 371 yJ and the pulse
repetition rate between 50 kHz and 200 kHz. For each combination of laser pulse energy
and repetition rate, single pulse and burst mode experiments were performed.

For the burst mode investigations, the single pulse (with 100% energy) is split into
two sub-pulses showing equal energy of 50% of the total single pulse energy. The two
sub-pulses have a temporal separation of 200 ps here.

Laser peak irradiances Iy in a range of 7.3 x 10* W em ™2 t0 3.0 x 10 W cm 2 were
calculated under the assumption of a temporal and spatial Gaussian distribution of the
laser pulse and an angle of incidence of 0°

in2 Q
=8y 2% )
0 T oTy-Ted?

(©)

where Q is the pulse energy, Ty is the pulse duration and 4 is the laser beam spot diameter
(1/€?) [24].

The calculation of the irradiance for the burst mode in Table 1 considers the total
energy of the burst (which equals the single pulse energy). Three different repetition rates
(50 kHz, 100 kHz, and 200 kHz) and pulse energies (371 J, 184 ], and 91 uJ) were selected,
resulting in an average power of 18.2 W to 18.6 W close to the maximum average power of
the laser of 20 W. The experiments were performed with flat 5 mm thick plates of tungsten
(99.97% purity) and steel alloy (St37) targets. The target surfaces were prepared by parallel
surface grinding achieving an average roughness of 1.6 um to 4 um. With a laser beam
scanning configuration, 1.5 x 1.5 cm? squares were treated. The laser processing time was
250 s for each square.
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Table 1. Experimental processing parameters.

Experiment Repetition Laser Pulse Peak

No. Rate Energy Average Power Burst Mode Irradiance Material
in kHz in pJ inW in Wem—2
1 50 371 18.6 No 3.0 x 104 tungsten
2 100 184 18.4 No 1.5 x 101 tungsten
3 200 91 18.2 No 7.3 x 101 tungsten
4 50 371 18.6 Yes 3.0 x 1014 tungsten
5 100 184 18.4 Yes 1.5 x 101 tungsten
6 200 91 18.2 Yes 7.3 x 101 tungsten
7 50 371 18.6 No 3.0 x 101 steel
8 100 184 18.4 No 1.5 x 10 steel
9 50 371 18.6 Yes 3.0 x 104 steel
10 100 184 18.4 Yes 1.5 x 101 steel

2.2. Spectral X-ray Emission

The measurement of the spectral X-ray emission in the context of ultrashort pulse
laser processing is challenging due to non-matching energy detection ranges of different
spectrometers, electromagnetic compatibility (EMC) requirements, possible pile-up effects,
and potential X-ray screening through the environment. Up to now, X-ray energies between
approximately 2 keV and 30 keV were reported during ultrashort pulse laser processing in
air [4]. However, detectors based on different sensor materials measure reliably in different
X-ray energy ranges. Typical silicon drift detectors (SDDs) are only applicable for photon
energies up to approximately 15 keV as the quantum efficiency of 500 um thick silicon
rapidly drops for larger energies (see for example Figure 1 in [25]). Striider et al. reported a
quantum efficiency that was always above 85% for photon energies between 500 eV and
11 keV for a 450 um thick SDD [26]. However, as most of the X-ray spectra measured
during laser material interactions cover a rather low photon energy range, measurements
with an SDD can still provide valuable insights. As an alternative, CdTe detectors exhibit a
much larger energy detection range than SDDs. For the X-123 spectrometer (Amptek Inc.,
Bedford, MA, USA) with a sensor thickness of 1000 pum for example, the manufacturer
specifies an optimum energy range from 5 keV to 100 keV. The manufacturer data give a
minimum intrinsic efficiency of 98% for photon energies between 10 keV and 50 keV.

For CdTe spectrometers, previous measurements indicate that the spectra can be
influenced by noise and electronical issues caused by electromagnetic fields emitted from
the plasma [14]. Unwanted electronic events may happen because of the laser-target
interactions that create strong electromagnetic pulses potentially inducing electronic noise
in the data acquisition system [27]. Additionally, the spectra for both detector types can be
affected by pile-up [4].

For the reliable measurement of X-ray spectra and to compensate for some disadvan-
tages of the individual spectrometer types, a comparative study using three spectrometers
simultaneously was conducted in this work. The spectrometers were placed 60 cm to 70 cm
away from the laser interaction point within the housing of the industrial ultrashort pulse
laser machining system. The experimental setup with the arrangement of the detectors can
be seen in Figure 1a,b showing a photograph of the machining process with the optics, the
target (with the bright optical plasma emission) and the exhaust system. The measurements
were performed in ambient air.

For the measurements of the higher X-ray photon energies (> 13 keV), two CdTe-based
spectrometers (Amptek X-123) were used. The first X-123 spectrometer had a sensor size of
3 x 3 x 1 mm? (X123_509) and the second had a sensor size of 5 x 5 x 1 mm? (X123_S25).
Both X-123 spectrometers were equipped with a 100 um Beryllium window. For the lower
energy range (< 13 keV), an SDD-based spectrometer (PNDetector with the designation
“XRS-30-128-100-BeP Complete” with module type SDD-30-128-BeP) with a sensor area of
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30 mm?, a thickness of 450 + 20 pm and a beryllium window with a thickness of 8 um was
used. This spectrometer is referred to as “PN” in the following.

(b)

Figure 1. Experimental setup, (a) Arrangement of the spectrometers, (b) Image during laser processing.

The X-ray emission investigations showed EMC issues for both CdTe spectrometers
(X-123). The SDD (PN) was not affected. To reduce the influence due to the EMC issues,
the X-123 spectrometers were encased in special housings. The X123_S09 was placed
in a tinplate box and the X123_525 in an aluminum box. To further suppress electronic
noise, aluminum foils were put in front of the measurement window. The thickness of
the aluminum foils (different thicknesses for X123_S09 and X123_S25) was calculated
from absorption measurements using an X-ray tube with and without aluminum foils
(see Section 3.1). To evaluate the influence of pile-up effects on the measured spectra, the
measurements were performed with and without a 50 pm thick copper foil (see Section 3.1).

The placement of the spectrometers with respect to the X-ray emission source and
its spatial homogeneity was controlled with a radiographic imaging plate placed at a
distance of 60 cm from the laser-induced emission source about 10 cm in front of the three
spectrometers. A 2-D Radiography Scanner CR 35 NDT Plus system (DURR, Stuttgart,
Germany) was used. Figure 2a shows the grayscale image of the X-ray field recorded by
the 2-D radiography plate along with the positions of the detectors that are marked by
green, red, and blue circles, respectively. To compare the X-ray intensities arriving at the
three spectrometers, the recorded data contained in the blue and yellow boxes were then
binned vertically and then plotted as a function of the horizontal position in Figure 2b
as blue and yellow curves. The additional green, red, and blue vertical lines mark the
individual positions of the three spectrometers, while the corresponding horizontal lines
indicate the average grayscale level as a measure of the local X-ray intensity incident
to the detector. The spectrometer that received more intensity of laser-generated X-ray
intensity (a higher average grayscale value) was the X123_S09. The X123_525 and the
PN received in comparison to X123_S09 about 14.5% and 24% less X-ray intensity during
the measurements.
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Figure 2. Grayscale image captured with the radiographic imaging plate (a) placed 10 cm in front
of the three spectrometers used in this study. The blue and yellow rectangles are the areas used to
calculate the X-ray intensity profile shown in the plot (b). The continuous decrease in grayscale value
with an increased distance on the x-axis revealed that the PN spectrometer (PNDetector) received
less X-ray intensity in comparison to the two X-123 spectrometers. Additionally, X123_S25 received
about 14.5% less radiation than the X123_S09 spectrometer.

3. Results
3.1. Spectrometer Characterization

The spectrometers were characterized by background measurements (Figure 3a) and
measurements of an X-ray tube (Figure 3b—d). For a comparison between the different
spectrometer properties, the same (known) spectrum of an X-ray tube (Amptek Mini-X
Gold (Au) X-ray tube) operated at a current of 10 mA and a voltage of 20 kV was measured
by all three devices.

Every data point in the measured pulse height spectrum X(E) is corrected with the
spectral sensitivity of the sensor S(E) and normalized to the area and time with the sensor
area A and measuring time interval t and yields the photon flux ®y(E):

X(E)
@o(E) = AtS(E) @

Typically, in order to determine the photon flux from the pulse height spectrum, an
unfolding procedure is required which depends on the inverse response matrix of the
detector. Here, due to the low energies and negligible influences due to scattering because
of the very low energies, the detector response was estimated by employing only the
sensitivity of the detector. Afterward, the spectral photon flux @ (E) was calculated by the
normalization of @ with the energy channel’s width AE

_ Po(E)

Pe(E) = =3 ®)

To have a comparative situation like during the measurement of the X-ray emission
from the laser generated plasma, the X-ray tube was positioned inside the USPL machine
on the position, where the laser-induced plasma generation would take place. The X-ray
tube measurements were performed when the USPL machine was turned off.
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Furthermore, the background signal for all detectors was measured during the USPL
machine was running, but no laser material processing took place (Figure 3a). This way,
it was proven, whether the detection was disturbed by any influence from the USPL
machine such as electronic issues, for example, but without the additional influence from
the transient plasma generation during the laser processing.
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Figure 3. Characterization of the spectrometers without laser material processing, (a) Background
measured inside the running USPL machine without laser processing (with and without correction
of the spectral sensitivity of the sensor S(E)), (b) X-ray tube spectrum measurement with the PN
spectrometer, (¢) X-ray tube spectra measured with X123_S09 with and without Al-filter (solid lines)
along with two calculated spectra (dashed curves), (d) X-ray tube spectra measured with X123_S25
with and without Al-filter (solid lines) along with two calculated spectra (dashed curves). Note the
logarithmic scaling of the ordinate axes.

From Figure 3a,b one can see that the PN spectrometer has always a high-intensity
count range in the low-energy region up to around 2 keV. This noise signal happens due to
the high sensitivity of the silicon detector material. This signal also occurred during the
background measurement and is independent of the X-ray tube, see Figure 3a.

The PN spectrometer shows the highest spectral resolution of the characteristic peaks from
the spectra shown in Figure 3b and the X123_525 has a higher resolution than the X123_509,
which can be due to the larger sensor size and the higher number of channels of the X123_S25.

For the PN spectrometer signal (Figure 3a) only background noise in the very low
count range within the energy region from 2 keV to about 40 keV can be seen. For both
Amptek X-123 spectrometers, for energies above 5 keV to 8 keV only background noise
with a spectral photon flux @ < 0.1 counts (s cm? keV) ™! occurs. For the X123_S09 a region
with somewhat higher spectral photon flux is found below 8 keV. Repeated measurements
showed that this is not a stable signal, and it was not observed during the measurement of
the X-ray tube, revealing that the signal is caused by EMC or other electrical issues.
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Since all spectral detectors show no significant or stable background within the in-
teresting energy region above 5 keV, a subtraction of the background was not performed.
To calculate the influence of the Al foils, which are highly recommended to be used in
front of the detector window of an Amptek X-123 spectrometer to avoid EMC issues and
spectral artifacts due to pile-up, measurements of the X-ray tube spectrum were performed
with and without the aluminum foil. Then the expected spectrum after the transition of
aluminum filters with different thicknesses was calculated and the filter thickness was
determined with a least-squares-fit. The results can be found in Figure 3¢,d.

The spectral calculation is based on linear absorption according to Beer’s law. Hereby,
the measured X-ray flux without filters is reduced by i-filters with their attenuation coeffi-
cient from the NIST database [28] y; and thickness d;.

®(E) = @y(E) e Hitich (4)

The procedure was repeated in reverse with the measured spectrum with aluminum foils
to calculate the spectrum without foils. For the X123_S09 an aluminum thickness of 230 pm
(Figure 3c) and for the X123_525 (Figure 3d) an aluminum thickness of 265 um was determined.
For energies higher than 7 keV the calculation and the measurements are in good agreement.
The deviations for energies lower than 7 keV are due to absorption in the beryllium window in
front of the CdTe sensor volume and electronic noise for the low photon energies.

3.2. Spectroscopy during Ultrashort Pulse Laser Processing

To evaluate the influence of pile-up effects or EMC on the spectra, the measurements
were performed during the laser processing with and without a 50 um thick copper foil.
From the measurements without copper foil, the spectra after the transmission through
the copper foil were calculated. This way, a comparison between the measurements with
copper foil and the calculations could be performed. Deviations indicate that the spectra
measured without copper foil are still influenced either by pile-up (in high-energy regions)
or by electronic noise induced in the acquisition system of the spectrometers due to low-
frequency electromagnetic fields emitted from the laser-induced plasma.

The results for the spectral measurements during the laser processing of tungsten
are presented in Figures 4 and 5, while the results during the laser processing of steel are
shown in Figures 6 and 7 for all three detectors. Except for experiments no. 1, 3, and 7
(see Table 1) the measurements without copper foil were performed twice for each set of
processing parameters and each detector. In the case of two available measurements, the
mean value was used for the evaluation. For experiments no. 3 and 7 a single measurement
was utilized for the spectrometers X123_5S25 and the PN. For experiment no. 1 a single
measurement was used for the spectrometers X123_S09 and the PN.

For the PN spectrometer all results, i.e., the comparison of the measurements with
copper foil and the corresponding calculations, show a good agreement for X-ray photon
energies < 11 keV. However, deviations occur for the measurements with a burst mode
for energies > 11 keV, which indicates that pile-up plays a role during the processing with
burst mode.

Both X-123 detectors reveal broad spectral peaks with very high intensities for X-ray
energies below approximately 9 keV. For the X123_S09, one measurement (100 kHz burst
mode, steel) even shows this signal for a photon energy up to 15 keV. It is assumed that
these broad peaks are due to EMC issues.

Additionally, also for the X-123 detectors, pile-up can be observed during the laser
processing measurements with burst mode. This effect is minimized when the measurement
is performed with copper foil. For further evaluation, it follows that the PN spectrometer
delivers accurate data (without pile-up) for photon energies < 11 keV. On the other hand, for
measurements without burst mode the X-123 spectrometers deliver valid data for photon
energies > 13 keV. For energies between 11 and 13 keV, the PN spectrometer data are only
valid for processing parameters without burst mode.

63



Materials 2022, 15, 8996

1x10°

1x10"
1x10°
1x10*
1x10°

1x10°
£% e
X 0
2 ¥ 3
= P 1x10
100kHz 8 S 1x102
Tungsten & 3, ;
w £ 1x10
3 3 0
g ° 1x10
@ = -1
1x10
1x10°
€% g0t
Q
=}
< ¥ 1x10°
200kHz § §1x102
Tungsten 2 &
S 4, f
= € 1x10
5 3
2 8 1x10°
& £
1x10°
£
52
50 kHz i o
Burst S LE,
Tungsten 2 &
]
© C
s 35
8 8
&
&=
S
R
100kHz 5 E
Burst S e
Tungsten & o
g5
88
& €
&=
200kHz g E
= O
Burst S
Tungsten & o
© c
s 3
g 8
& <

PN X123_809 X123_825

‘ a i Wb e oy

B
0 10 20 30 40

Photon Energy E in keV

1x10*
1x10°
1x10?
1x10"
1x10°

1x102
1x10"
1x10°

1x10™
1x10°

1x10*
1x10%
1x102
1x10'
1x10°

1x107

10 20 30 40 0 10 20 30 40

Photon Energy E in keV Photon Energy E in keV

— measured
— with Cu-filter, measured
-~ Calculation with 50 pm Cu-filter

Figure 4. X-ray spectra measured during the laser processing of tungsten without burst mode for the
three spectrometers PN, X123_509, and X123_S25, the measurement with and without Cu-filter was
compared with the calculation with copper filter of 50 um thickness. Note the logarithmic scaling of
the ordinate axes.
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Figure 5. X-ray spectra measured during the laser processing of tungsten with burst mode for the
three spectrometers PN, X123_509, and X123_S25, the measurement with and without Cu-filter was
compared with the calculation with copper filter of 50 pum thickness. Note the logarithmic scaling of
the ordinate axes.
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As the measurements with burst mode are affected by pile up, the spectra with a
copper filter were used. Then the effect of the copper filter was removed by employing
Equation (4) and calculating the spectrum without the effects of the copper filter from them.

Due to these findings on the validity of the data in different energy regions, combined
spectra with the data from the different detectors were composed for each set of laser
processing parameters according to Table 1. The combined spectra for the processing of
tungsten can be found in Figure 8, while the spectra for the processing of steel are depicted
in Figure 9.

The data from the PN spectrometer were used for photon energies from 2 keV to 13 keV
and the data from the X-123 were utilized for energies > 13 keV. As already mentioned, the
PN spectrometer data show a slightly increased photon flux for photon energies between
11 and 13 keV upon processing in the burst mode and these data are probably influenced
by pile-up effects. This influence is eliminated by a fitting routine which will be explained
later in this chapter. For laser processing without burst mode, i.e., in the normal single
pulse mode, the X-123 measurements with aluminum foil were used, whereby the spectra
before the transmission of the aluminum foil were calculated by using Equation (4). For
burst mode laser irradiation, the X-123 measurements with copper and aluminum foil were
selected and the influence of the copper and the aluminum filter was considered also by
employing Equation (4).

Taking into account the different energy binning and the different sensor sizes for
the calculation of the spectral photon flux, the data of the two X-123 spectrometers are in
good agreement. For laser processing parameters without burst mode (i.e., in single pulse
mode), an almost continuous transition from the PN spectra to the X-123 spectra can be
observed. The PN spectra for laser processing parameters with burst mode have an overall
significantly higher photon flux than the spectra from the X-123 detectors. The origin of
this deviation is unclear. For an estimation of the uncertainty of the spectra, the curves
of the X123_S09 were fitted with a Boltzmann function within the photon energy region
of 13-30 keV and extrapolated to the energy region between 11 and 13 keV. In the next
step, the PN spectra were scaled down in global amplitude until continuous spectra were
achieved together with the extrapolation from the Boltzmann fit and the X-123 spectra. As
explained before for the burst mode laser processing, the energy region between 2 and
13 keV is associated with some uncertainty. This uncertainty can be quantified by using
two combined spectra. On the one hand, the downscaled PN spectrum together with the
Boltzmann extrapolation and the X-123 spectrum as a combined spectrum describes the
minimum overall flux. The unchanged PN spectrum together with the X-123 spectrum in a
combined spectrum characterizes the maximum overall flux.

The comparison of the spectra recorded with and without the laser burst mode reveals
a significant increase in the photon flux for the burst mode processing. A detailed analysis
of the estimated dose rates from the spectra will be presented later in Section 3.3. An
increase in the spectral photon flux can be observed for lower laser repetition rates. This
increase can be found for both the processing with and without burst mode. As expected
from previous publications, e.g., [4] the spectral photon flux emitted during the processing
of tungsten is higher when compared to the processing of steel. This is mainly due to the
higher atomic number Z of tungsten (Z = 74) compared to iron (Z = 26) [4]. The maximum
energies are limited to about 40 keV. The maximum energy of 40 keV was observed during
the laser processing of tungsten and steel with the burst mode with 50 and 100 kHz laser
pulse repetition rates. For the processing of tungsten with a higher repetition rate (200 kHz),
the maximum X-ray energy is approximately 35 keV. For the laser processing without burst
mode, i.e., for single pulse mode, a signal for energies up to 40 keV was measured in the
case of the 50 kHz repetition rate. However, with a spectral photon flux of around one
count (s cm? keV) ™! the signal is very low. Compared to the burst mode, for the processing
without burst mode, the spectral photon flux significantly decreases already for lower
energies and reaches the minimum spectral photon flux of about one count (s cm? keV)~!
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for energies between 20 and 30 keV. As a general trend, the maximum X-ray photon energy
tends to increase with higher laser pulse energies.
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Figure 8. X-ray spectra during the processing of tungsten. Detector type, filter materials, and
evaluation constraints are indicated through labels for the different curves. Note the logarithmic

scaling of the ordinate axes.
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Figure 9. X-ray spectra during the processing of steel. Detector type, filter materials, and evaluation
constraints are indicated through labels for the different curves. Note the logarithmic scaling of the
ordinate axes.

Altogether, the “worst-case” processing scenario of this study is represented by the
laser processing of tungsten at a repetition rate of 50 kHz and in burst mode.

3.3. Dose Rate Estimations

The X-ray dose rates (H'(0.07), H'(3), and H*(10)) were calculated from the measured
spectra at a distance of 60 cm.

The ambient dose equivalent rate corresponds to the dose equivalent per time at
different depths of penetration in the ICRU sphere [28]. Due to the energy-dependent
absorption properties of ICRU tissue, three depths of penetration d, were used. The
ambient dose equivalent rates can be calculated from the spectral photon flux ®(E) along
with the tissue properties via

E=c0 t
. E oton e_Vm(E) dp E
H(d,) = / P(E) TRt - ()
E=0

dE, (5)

where E is the photon energy, Epphoton is the channel energy, AE is the bin size from the
channel (energy channel’s width) and the tissue properties are the X-ray photon energy-
dependent energy absorption coefficient !, (E) of Tissue (Soft ICRU-44) and its density
o'. [9]. The data for the attenuation coefficients and density of standard tissue were taken
from the NIST database [28]. Equation (5) is a good approximation for low-energy spectra,
where the scattering of the X-ray photons can be neglected. Another method to determine
the ambient dose equivalent rates would be to employ conversion coefficients from ICRU
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report 57 [29], for example, used in [30] to determine the spectral ambient dose equivalent
rate from the spectral photon fluence and then integrate overall available photon energies.
Here, both methods have been compared and due to the low energy of the spectra, no
significant deviation has been observed.

The results of the dose equivalent rate calculations for the three quantities H’(0.07),
H'(3), H*(10) are presented in Figure 10. The dose equivalent rates were calculated for
the different parts of the combined spectra shown in Figures 8 and 9. Due to the already
discussed large uncertainty for the burst mode processing within the photon energy region
between 0 and 13 keV, the dose equivalent rates were calculated for the downscaled PN
spectra and the Boltzmann extrapolation as well as for the measured PN spectra. This
way, a possible maximum and minimum was estimated for the dose equivalent rates.
Furthermore, the dose equivalent rate calculations for the different energy regions of the
spectra illustrate how the different quantities H'(0.07), H'(3) and H*(10) are affected by
different energy regions of the laser-generated X-ray spectra. Due to the higher penetration
depth of X-rays with higher photon energies, the ambient dose equivalent rate F/*(10)
depends more on the higher energy region, while the directional dose equivalent rate
H'(0.07) depends more on the lower energy region of the spectrum. Therefore, the high
uncertainty of the energy region between 0 and 13 keV, which is represented by the data
from the PN spectrometer, result in larger differences between the maximum and minimum
dose rates and, therewith, in high uncertainties for the quantity H’(0.07). Compared to that,
the uncertainty for the ambient dose equivalent rate H*(10) is smaller. From the “worst-case”
spectrum (repetition rate of 50 kHz, burst irradiation mode, tungsten), which was defined
due to the highest observed energies, a value of H'(0.07) between 2.8 and 4.2 mSv h~!,
a value of H'(3) between 0.3 and 0.5 mSv h~! and a value of H*(10) between 0.07 and
0.08 mSv h~! were estimated. An even higher maximum dose rate H'(0.07) of 7.8 mSv h~!
was estimated for the laser processing of tungsten with a repetition rate of 200 kHz in
burst mode. However, for these parameters, the deviation between the minimum and
maximum dose equivalent rate is significantly larger and, therefore, associated with high
uncertainty. If the mean value is calculated from the maximum and minimum dose rate and
the uncertainty is calculated by the standard deviation, the maximum dose rate H'(0.07)
found in this study is 5.3 = 3.5 mSv h~! at an operator distance of 60 cm.

The values of H'(3) and H*(10) are significantly lower, which is due to the lower
spectral photon flux within the region of higher energies. Looking at the increase in the
dose equivalent rates due to the applied burst irradiation mode compared to the same
processing without burst mode, one can see that from H’(0.07) to H'(3) and to H*(10) the
enhancement of the dose equivalent rate increases: for the defined “worst-case” spectrum
(repetition rate = 50 kHz, burst mode, tungsten) the value of H'(0.07) is increased by a
factor of approximately 2, H'(3) by a factor of approximately 4 and H*(10) by a factor of
approximately 9 when burst mode is applied. This behavior illustrates, that the burst
mode laser processing results in a higher spectral photon flux for higher energies and
in higher maximum energies. The highest enhancement due to burst mode application
could be observed for a laser repetition rate of 200 kHz (tungsten) and a repetition rate of
100 kHz (steel). H'(0.07) was increased by a factor of approximately 60 for these parameters.
Although the absolute dose equivalent rates were rather low for these parameters when
processing single pulse mode, remarkably high dose rates were measured during the burst
mode laser processing.
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Figure 10. Dose equivalent rate estimations for the quantities H'(0.07), H'(3), and H*(10), as calculated
from the spectra presented in Figures 8 and 9. The results for laser processing of tungsten are
summarized in the left column, while the results for laser processing of steel are given in the

right column.

4. Discussion

Within the presented investigation of the X-ray emission during USPL processing,
different difficulties during the measurements of X-ray spectra within an USPL machine
were encountered. The main problems are associated with pile-up effects, electromagnetic
incompatibility, a photon energy-dependent reduced sensitivity of the detector materials
and other electronic issues. Minimization of the disturbing influences was achieved by the
complementary use of different detector types (CdTe sensor in combination with an SDD)
and the application of shielding and reduction in pile-up by using aluminum and copper
foils as filters, whereby an evaluation routine that eliminates the absorption effects due to
the foils from the measured spectra had to be applied. The radiation protection operational
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quantities H'(0.07), H'(3), and H*(10) were calculated from the spectra.
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Different combinations for the laser pulse energy (varied between 91 pJ and 371 pJ) and
repetition rate (varied between 50 kHz and 200 kHz) were selected for the investigations,
whereby the average laser power was kept nearly constant. It was shown that the average
laser power cannot be used as the main parameter for an estimation of the dose equivalent
rates. The measured dose equivalent rates significantly depend on the combination of the
laser pulse repetition rate and the selected pulse energy. Parameter combinations with
high laser pulse energy and low repetition rate show significantly higher dose rates than
combinations with a high repetition rate and low laser pulse energy although they have
almost equivalent average laser power, especially in the case of single pulse operation.
Additionally, the burst mode laser operation significantly increases the dose rates although
the average laser power remains the same when the burst mode is applied.

The increase in dose equivalent rate during burst mode processing was already de-
scribed in the literature. A possible explanation for the significant increase in the X-ray
dose rate is the interaction between ultrafast laser radiation and the formed ablation cloud
or a high-density plasma [20,21].

Metzner et al. [20] investigated the dependence of the number of pulses per burst and
the total fluence on the resulting X-ray dose rate by ablating stainless steel (X100CrMoV-8-
1-1) with ultrafast laser pulses emitting a wavelength of 1030 nm and a pulse duration of
0.24 ps in the MHz-(MBM), GHz-(GBM), and the BiBurst (BBM) mode in comparison with
conventional ultrafast laser radiation in the single-pulse mode (SPM). Compared to the SPM,
producing a maximum dose equivalent rate F’(0.07) of approximately 7 x 10° pSv h~1,
an increase in the X-ray dose rate by more than a factor of 30 was found in the BBM with
two and three sub-pulses in the MHz- and two sub-pulses in the GHz-bursts. For these
parameters a dose rate of H'(0.07) = 2.5 x 10° uSv h~! was determined. This is within
the range between a factor of 2 and 60 which was determined within this study for the
increase in the dose equivalent rate F'(0.07) due to burst mode application. Additionally,
the absolute values of H’(0.07) are comparable with the results presented here for steel
and burst mode taking into account the detector distance of 10 cm in [20] and 60 cm in
this work.

Schille et al. [21] observed a significant increase in the dose equivalent rate of the
emitted X-rays accompanied by pronounced characteristic X-ray emissions for laser bursts
irradiating at a 1.0 MHz burst repetition frequency and corresponding lower peak intensity
of the intra-burst pulses. The analysis was performed during the processing of technical-
grade AISI 304 stainless steel targets. The maximum X-ray emissions were measured to
H'(0.07) = 32.8 + 3.6 mSv h~! (3rd scan) with the two-pulse burst mode. For burst and
bi-burst pulses, the second intra-burst pulse was found to significantly enhance the X-ray
emission potentially induced by the laser pulse and plasma interaction. The measured
X-ray spectra showed an energy region between 0 and 15 keV, which were measured with a
SiLi-based detector. This is significantly lower than the maximum energy of 40 keV, which
was observed in this study for burst mode processing of tungsten at a repetition rate of
50 kHz and a laser pulse energy of 371 uJ. Until now, maximum X-ray energies up to 30 keV
were reported by Legall et al. [4] during USPL processing of tungsten in single-pulse mode.
Additionally, higher dose equivalent rates of F'(0.07) = 163 mSv h~ for the processing of
tungsten with a repetition rate of 400 kHz and a peak irradiance of 2.6 x 10'* W cm~2 were
reported in a distance of 42 cm. The maximum X-ray photon energy must be considered if a
safety housing is configured for a USPL machine. Legall et al. [12] calculated the equivalent
thickness of different shielding materials for X-ray protection up to photon energies of
60 keV in units of iron. Since the here observed maximum energy of 40 keV is lower, these
recommendations should still be valid here. The knowledge about the spectral flux of
the emitted X-ray photons can also support the work on new testing concepts for USPL
machines. Since the actual testing concept, which is based on the “worst-case” processing
scenario, is connected with many difficulties [14] a new testing concept that is based on an
alternative X-ray source is highly demanded.
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To summarize, a “worst-case” spectrum with X-ray photon energies up to 40 keV was
found in this study for the machining of tungsten at a repetition rate of 50 kHz and in burst
operation mode. Additionally, equivalent dose rates F’(0.07) of the order of 200 mSv h~!
were calculated for the processing of tungsten with 200 kHz repetition rate, burst mode
and a peak irradiance of 7.3 x 10'3> W cm 2 if a distance between the laser interaction point
and detector of 10 cm is assumed without consideration of the absorption in air.

It should be noted here that if the “worst-case” spectrum from USP laser machining
is known, it can be simulated by an X-ray tube as a model system for mimicking the USP
laser machine. This may lead to a simplified testing concept for USP laser machines in the
future, which does not depend on the unstable USP laser-generated plasma as an X-ray
source during the testing of the safety housing and is compatible with current standard
testing procedures.

5. Conclusions

Ultrashort pulse laser processing of tungsten and steel was investigated with respect
to the generation of undesired secondary X-rays. Spectral X-ray measurements were per-
formed with complementary CdTe- and SDD-based spectrometers. The radiation protection
operational quantities F'(0.07), H'(3), H*(10) were calculated from the measured X-ray
spectra. Regarding the laser processing strategy, the dose equivalent rate of the X-rays
increases for lower repetition rates and higher pulse energy if a constant average power is
used. The average laser power of ultrashort pulse laser processing alone does not qualify
as a suitable parameter for the prediction of X-ray dose rates. Processing with pulse burst
mode significantly increases the dose rates and the X-ray photon energies. A maximum
dose rate H'(0.07) of 5.3 & 3.5 mSv h~! at a distance of 60 cm was found for the laser pro-
cessing of tungsten with a repetition rate of 200 kHz in burst mode and a peak irradiance
of 7.3 x 10 W cm~2. A maximum X-ray photon energy of about 40 keV was observed for
burst mode processing of tungsten with a repetition rate of 50 kHz and a peak irradiance of
3 x 10" W em™2.
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Abstract: The ongoing trend in the development of powerful ultrashort pulse lasers has attracted
increasing attention for this technology to be applied in large-scale surface engineering and modern
microfabrication. However, the emission of undesired X-ray photon radiation was recently reported
even for industrially relevant laser irradiation regimes, causing serious health risks for laser operators.
In the meantime, more than twenty influencing factors have been identified with substantial effects on
X-ray photon emission released by ultrashort pulse laser processes. The presented study on enhanced
X-ray emission arising from high pulse repetition frequency ultrashort pulse laser processing provides
new insights into the interrelation of the highest-contributing parameters. It is verified by the example
of AISI 304 substrates that X-ray photon emission can considerably exceed the legal dose rate limit
when ultrashort laser pulses with peak intensities below 1 x 10’3 W/cm? irradiate at a 0.5 MHz
pulse repetition frequency. The peak intensity threshold value for X-ray emissions decreases with
larger laser spot sizes and longer pulse durations. Another key finding of this study is that the
suction flow conditions in the laser processing area can affect the released X-ray emission dose rate.
The presented results support the development of effective X-ray protection strategies for safe and
risk-free ultrashort pulse laser operation in industrial and academic research applications.

Keywords: X-ray; ultrashort pulse; laser; plasma; dose rate; Bremsstrahlung; resonance absorption

1. Introduction

Ultrashort pulse lasers (USPLs) have become established as a versatile tool for high-
efficiency and high-precision micromachining, which is a result of their excellent laser
beam performances. Moreover, the ongoing trend toward higher laser powers enables high
throughputs and short processing times in modern microfabrication, and, thus, the USPL
will shortly move forward from the laboratory state to industrial production. However,
the emission of X-ray photon radiation constitutes a secondary laser beam hazard from
USPLs in materials processing that can cause serious health risks for laser operators. The
undesired X-ray photons can potentially arise when high-intense laser beams interact with
solid surfaces, producing hot, dense plasma including very hot electrons of several keV.
Since earlier studies in the 1970s, three main processes are known for X-ray radiation fields
generated by ultrafast laser-excited electrons: (i) the Bremsstrahlung continuum arising
from free-free transitions of accelerated free electrons, (ii) the recombination continuum
from free-bound electron transitions, and, finally, (iii) characteristic line emissions origi-
nating from bound-bound transitions of the inner-shell electrons of ionized atoms. The
energy distribution of the Bremsstrahlung X-ray photons follows a Maxwell-Boltzmann
distribution where the released X-ray emission dose rate can be approximated by inte-
gration over the entire spectral X-ray photon flux. The X-ray emission dose released by
a single laser pulse ranges typically from only a few pico Sievert (pSv) to several nano
Sievert (nSv), and the potential risk for laser operators is fairly low. The X-ray emission
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dose rates and associated hazards and risks can considerably increase when employing
high-average-power USPLs in materials processing. This is the result of the amazing
progress in the development of modern USPL systems towards kilowatt average power
that is delivered by ultrashort pulses at high pulse repetition frequencies (PRF) ranging
between ten to hundreds of megahertz (MHz) [1]. In this case, millions of ultrashort pulses
interact with the substrate surface in a short time, and the X-ray photons released by each
single pulse accumulate to high X-ray dose levels, reaching up to 1 Sv/h [2,3]. In fact,
such high X-ray emissions exceed innumerably the limit values for the general population
and occupationally exposed persons in a calendar year, which are specified in the German
Radiation Protection Act, and can cause serious health damage to the exposed parts of the
human body.

So far, the onset of X-ray photon emissions has been detected for peak intensities
above 103 W/cm?, which can be delivered, for example, by ultrashort pulses of 1 ps pulse
duration and a 10 J/cm? fluence. This fluence is about ten times beyond the optimum
fluence for the energy-efficient laser processing of metals [4-6] and can be achieved by
tightly focusing the laser beam of pJ level optical pulse energy to spot sizes in the range
of ten micrometers in the focal plane. In a recent article, the emission of harmful X-ray
photon dose rates was demonstrated for much lower fluence or, rather, intensity, which was
even below the legal peak intensity limit [7]. This was achieved under specific processing
circumstances when MHz PRF pulses were irradiated at a small geometrical pulse distance.

A critical review of the actual literature in this field identified more than 20 factors
affecting the X-ray photon emissions arising from ultrashort laser pulses irradiating solid
surfaces (see Table 1). These factors also influence each other and can be subdivided
into three different categories: (i) laser-sided, (ii) process-sided, and (iii) material-sided
parameters of influence. First of all, on the laser side, the peak intensity of the laser pulse
can be suggested as the most likely parameter, as doubling the peak intensity increases the
released X-ray photon emissions about ten times. Therefore, when considering pulses of
similar peak intensities, higher X-ray emission dose rates are detected for longer pulses
and higher pulse energies. Another universal expectation from the results presented so far
is that the X-ray emissions scale up almost linearly with increasing average laser powers.
Furthermore, the PRF was figured out in a recent study on substantially affecting the
released X-ray photon flux [7]. This was, in particular, the case when MHz PRF pulses
irradiated with high spatial pulse overlapped at submicrometer spatial distances between
the individual pulses within a laser-processed line. For the resulting strong increase in
X-ray photon emissions, efficient plasma resonance absorption of the irradiating laser beam
was suggested as the enhancing effect. The hypothesis is supported by the fact that MHz
PRF pulses with very short time delay can interact with the still-remaining plasma plume
induced by the preceding pulses [8]. So far, resonance absorption in the laser-produced
plasma has been reported only for high-intense laser pulses where both the laser beam
polarization and the angle of incidence have considerable influence on the total absorption
of the incident laser beam [9-11]. Accordingly, it is validated in the presented article
that, even for low-intense pulses, X-ray emissions can increase to high levels when the
polarization of the MHz PRF laser beam is aligned parallel to the beam moving direction.
This provides evidence that plasma resonance absorption might also be effective in low-
intense and high PRF ultrashort pulse laser regimes. In addition, the suction flow speed in
the processing zone is introduced as another influencing factor on X-ray emission dose rate.
It is shown that reproducible X-ray emissions can only be detected in the case of controlled
and stable suction flow conditions. A third key finding of this presented study is that X-ray
photon emissions can be detected at low peak intensities up to five times below the legal
peak intensity limit for approval-free laser operation in Germany. This can occur under
certain processing conditions, e.g., when high PRF pulses of picosecond pulse durations
irradiate at a small intra-line distance, the polarization of the laser beam is aligned parallel
to the laser beam moving direction, and the suction flow speed is comparably low.
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Table 1. A summary of the influencing factors affecting X-ray photon emissions arising from ultra-

short pulse laser materials processing.

X-ray dose rates releases a larger X-ray emission dose

Parameter Impact on X-ray Emission References
Peak
intensity - Doubling the peak intensity increases the X-ray dose rate by around ten times [3,12-14]
- With higher pulse energies, higher X-ray dose rates tend to be expected,
Pulseenergy . The released X-ray emission increases non-linearly with higher energies, the [15,16]
effective peak intensity has a stronger effect on X-ray emission
- Thereleased X-ray emission scales approximately linearly with higher average laser
Average laser powers, pay attention to the non-linear effects with higher pulse energies,
power Strongly increased X-ray dose rates for high-PRF laser processes or in burst mode [37,16,17]
aser processing, in particular when high- ulses irradiate at small geometrica
1 P ing, in particul hen high-PRF pulses irradi g ical
g (micro meter) pulse distances
g Pulse - X-ray dose rate increases approximately linearly with higher PRF resulting from the
E repetition accumulation of ?(-ray emis'sions respectively r'ele-ased by the individual pulses. [3,7,16]
& frequency - Caution concerning strong increased X-ray emissions for MHz PRF or burst mode
] laser processing which results from strong laser pulse with plasma interactions
<
E - Doubling the focus spot size at constant peak intensities yields 2.5 times higher
9 FOFUS spot X-ray dose rates [18]
S diameter - The spectral distribution and amplitude shifts towards higher X-ray photon
energies with increasing focus spot area
Wavelength - Tendency of lower X-ray dose rates for ultrashort pulses of shorter wavelength [14]
Polarisation - Laser radiation polarized parallel to the scan direction increases the dose rate [11,16,19]
Pulse
duration - Tendency of higher X-ray dose rates for ultrashort pulses of longer pulse duration [15,16,20]
- Absorption of the released X-ray emission at the walls of the laser engraved or laser
Processing drilled structures reduces the X-ray emission during the ongoing processing
regime Caution: X-ray dose rate increases as a result of strong laser pulse with [7,11,16]
plasma/ablation plume interaction, i.e., during stationary laser machining, with
deflected beams at high pulse overlap, in laser turning
Scanning
direction - Stronger X-ray emission opposite to the scan direction [13]
@ ) - Pulseirradiations at small geometrical distances cause high surface roughness, in
£ Intra-line turn lowering the released X-ray dose rate (see surface roughness)
£ Pulse - Pulses of small geometrical pulse distances (micro meter) irradiating at MHz PRF [7,11,16]
£ distance amplify the X-ray dose rate by feedback coupling of the pulses with the previously
& generated laser ablation/plasma plume
3 Hatch
% distance - Larger hatch distances result in higher X-ray dose rates [11]
1]
g Scan number Tendency for lower X-ray dose rates with increasing number of scan crossings (7]
é - Highest X-ray dose rate arises in the focal plane at the position of highest peak
Focus intensity 2]
position For high-average power laser beams, thermal shift of the optical elements in the
beam path can have an effect on the position of highest peak intensity
Cross jet - Alarger volume flow rate of the cross jet induces higher X-ray emissions [16]
Fum‘e - Alarger distance between sample and suction nozzle decreases the flow rate in turn [16]
extraction increasing the X-ray dose rate
'Arfgle of - Oblique laser beams with increased angle of incident with respect to the plasma [7,16,21]
incidence flank enhance resonance absorption that tends to cause higher X-ray emissions
) - Higher X-ray dose rates occur with elements with a higher atomic number
Material - Highest X-ray dose rate was determined on tungsten, the X-ray dose rate is [2,12,14]
] comparably high on steel and stainless steel materials
w
:'E 3 Suface - A higher surface roughness leads to lower X-ray dose rates due to the shielding of
Ic E roughness the X-rays on microscopic substructures, similar to the shielding effect of boreholes [11,16]
8 g or trenches
§ & Dimension - Large-area laser processing under similar irradiation conditions and corresponding
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2. Experimental Section

Two types of USPL systems were utilized in this study: a UFFL 100 (Active Fiber Sys-
tems GmbH, Jena, Germany) and an FX 200 (Edgewave GmbH, Wiirselen, Germany). This
provided a wide range of complementary laser beam parameter settings, i.e., 87 W maxi-
mum average laser power, up to 50 MHz PRF, and pulse durations from 340 fs < 7y < 10 ps
(sech? pulse shape). Near-infrared laser beams of 1030 nm wavelength were passed through
individual beam expanders and were individually expanded and aligned through an f-theta
focusing objective of 167 mm focal length. This resulted in a similar laser spot radius wy
in the focal plane, as determined by wy L = Wo,/Ex200 = 15.0 um (1/e2-method), for the
beam caustic measurements (Micro Spot Monitor, Primes GmbH, Pfungstadt, Germany). In
addition, a galvanometer scan system (intelliScan 30, Scanlab GmbH, Puchheim, Germany)
was assembled in the beam path for raster-scanning the laser beams in a line pattern across
the studied stainless steel (AISI 304) substrate surfaces. The intra-line pulse distance dx,
representing the geometrical distance of the impinging laser pulses within a scanned line,
was varied as function of scan speed vs and PRF fp according to the following relationship:
vs =dx X fp. The distance between the scanned lines in the line pattern was set by the hatch
distance dy. The polarization state of the linearly polarized laser beams was adjusted by a

— —
half-wave retarder plate aligned either parallel (E || Zscan) or perpendicular (E L&can>

to the laser beam scan direction. In terms of safety precautions, all the experiments carried
out in this study were performed inside a laser safety enclosure to protect the operators
from direct and scattered laser beams, X-ray radiation, and other secondary harmful effects
originating during high PRF ultrashort pulse laser processing.

The maximum pulse energy used in this study was Qp = 36 pJ. The pulse energy
was calculated from the measured average laser power divided by the PRF, taking into
account the optical losses in the beam path. The peak power of a laser pulse Py was
calculated as the pulse energy divided by the pulse duration. Following Equation (1), the
peak intensity of the laser pulses Iy was given by the pulse peak power divided by the
focus spot area Ay, considering a pulse-shape-dependent numerical factor of fg = 0.88 for
the sech? ultrashort pulses:
2Qp

T 7T W3

Py
Io=fs A =fs 1)

Accordingly, the maximum peak intensity of the ultrashort pulses was Iy, yppL =
2.7 x 1013 W/em? and Ig/px = 1.5 x 10! W/cm? for the UFFL 100 and FX 200 lasers,
respectively. Notably, these peak intensity values were only slightly above an intensity of
1 x 10'® W/cm?2, where the X-ray emission dose rate can exceed 1 uSv/h [3,7,12]. In fact,
according to the German Radiation Protection Regulations, both the values 1 x 101 W/cm?
and 1 uSv/h at a 100 mm distance from the accessible area represent the legal limits for
approval-free laser operations [22].

The X-ray emissions arising from the laser beam with AISI 304 substrate interaction
were analyzed using two different detectors: a survey meter OD-02 (STEP Sensortechnik
und Elektronik Pockau GmbH, Pockau-Lengefeld, Germany) measuring the directional
X-ray emission dose H'(0.07) and a SILIX lambda detector (Ingenieurbiiro Prof. Dr.-Ing.
Giinter Dittmar, Aalen, Germany) for monitoring the X-ray emission spectra and X-ray

emission dose rate H ,(0.07) in the soft X-ray photon energy range between 2 and 20 keV.
In each experiment, the detectors were aligned parallel to the laser beam scan direction
towards the center of the laser-processed area. The dimensions of the raster-scanned
processing field were 20 x 20 mm?. The distance between the detectors and the scanning
field center point was 200 mm, and the detection angle was 35°. A unidirectional scan
regime was applied with a “laser-ON” cycle, with the laser beam moving away from the
X-ray detector receiving maximum X-ray emission dose levels [13]. The laser ON/OFF
duty cycle was determined to be 46% in oscilloscope measurements; thus, the monitored
values were corrected by a factor of 2.17 to discuss process-typical X-ray emissions in the
following sections. The background X-ray radiation in the laboratory was determined
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below 0.1 uSv/h, which was negligibly small compared to the detected laser-generated X-
ray dose levels. Furthermore, it should be mentioned that in each case the X-ray emissions
were captured from the first scan crossing of the laser beam over the substrates and were
obtained after every six seconds. Respectively, the presented X-ray emission dose values
represent mean values averaged from at least ten individual X-ray measurements. The
standard deviation of the measured values is indicated in the diagrams.

3. Results
3.1. X-ray Emission as a Function of Intra-Line Pulse Distance

First, the X-ray emission dose per pulse H'(0.07)pp was investigated as a function of
the intra-line pulse distance and PRF. Therefore, ultrashort pulses with a peak intensity of
Ip=1.5 x 10" W/cm? were irradiated at fp = 0.5 MHz and 1.6 MHz. The intra-line pulse
distance was varied in the range of 0.15 pm < dx < 2.0 um by increasing the scan speed
from 75 mm/s to 3200 mm/s, depending on the respective PRF, while the hatch distance
was kept constant at dy = 20 um. The X-ray emission dose per pulse, as shown in Figure 1,
was derived from the averaged SILIX detector readings captured in individual test series
on four different days. At fp = 0.5 MHz, the highest X-ray emission dose per pulse of
H'(0.07)pp = 1 pSv was detected at 0.2 pm. For the larger intra-line pulse distances, there
was a clear tendency towards lower X-ray emissions. Therefore, at dx = 2 pm (representing
the widest studied distance) the X-ray emission dose per pulse reduced up to two orders of
magnitude to H'(0.07)pp = 0.02 pSv, which emphasized the great effect of intra-line pulse
distance on laser-induced X-ray emissions.

100 ﬁ 0.5 MHz 1 8 1.6 MHz
E % > 101 2 -
3 Y wn =
N, i H
] I o 100 4
102 4 S
3 T
05 1.0 15 2.0 05 1.0 15 2.0

pulse distance dx / pm

pulse distance dx / um

Figure 1. X-ray emission dose per pulse as a function of the intra-line pulse distance at 0.5 MHz (left)
and 1.6 MHz (right) PRF obtained on 4 different days. The mean values are highlighted by the red
symbols (circles).

At higher PRFs (for example, 1.6 MHz in Figure 1 (right)), the highest X-ray emissions
were found in the range of dx = 1 um, steadily decreasing with larger intra-line pulse
distances. The highest X-ray emission dose per pulse was assessed at an H’'(0.07)pp = 16.0
pSv maximum with about 8.5 pSv average value. In comparison to low PRF pulses, this was
more than a ten-fold increase referring to the maximum value and almost a hundred times
higher than the X-ray emission dose arising at dx = 1 um and 0.5 MHz PREF. This strong
increase in the X-ray emissions observed for the high PRF pulses provided evidence of
stronger laser beam interaction with plasma during processing, thus, further enhancing X-
ray photon generation, which will be discussed more in detail in the following subchapters.
However, a significant drop in the X-ray emission dose rate per pulse occurred when
1.6 MHz pulses irradiated at small intra-line pulse distances (dx < 1 um), which was in
contrast to the X-ray emission characteristics observed at 0.5 MHz. Therefore, a potential
explanation can be found in the increased roughness of the high-PRF-processed surfaces,
which could behave similar to the X-ray shielding recently observed on kerf walls and
boreholes [3,11]. In the particular case of high PRF pulses irradiating at small intra-line
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pulse distances, self-organizing microscopic surface structures emerged at the substrate
surfaces [23]. These rough and protruded surface features potentially screened the laser-
induced X-ray photon flux, which in turn caused the lower monitored X-ray emission doses
at small intra-line pulse distances seen in Figure 1 (right). In order to validate the proposed
influencing effect of surface roughness on X-ray emission, X-ray photon fluxes arising from
the laser processing of four different laser-pretextured substrates were analyzed, Figure 2.

Figure 2. Laser surface textures produced on AISI 304 by raster-scanning of the laser beam across the
substrates at 3.0 um (a), 1.5 um (b), 0.9 um (c), and 0.6 um (d) intra-line pulse distance.

For surface pretexturing, a laser beam of Iy,gx = 1.5 x 10'> W/cm? and fp = 1.6 MHz
was raster-scanned across the AISI 304 substrates at a dy = 20 um hatch distance. The intra-
line pulse distances were varied between dx = 3.0 um (Figure 2a), 1.5 um (Figure 2b),
0.9 um (Figure 2¢), and 0.6 um (Figure 2d). In this way, specific surface roughness
conditions were provided for the next impinging pulses similar to the ones discussed
above in Figure 1. In the X-ray measurements, the laser processing conditions were as
follows: Iy/px = 1.5 x 1013 W/cm?, fp = 1.6 MHz, dx = 0.9 pum, and dy = 20 pm.

The highest X-ray emission dose per pulse of H'(0.07)pp = 9.1 pSv was captured for
the smooth surface, which was laser-pretextured with dx = 3.0 pm and S, = 0.49 pm
corresponding area roughness, Figure 3. For the dx = 1.5 pm laser-pretextured surface and
resulting S, = 0.94 pm, the X-ray emission dose per pulse was marginally lower in the range
of H'(0.07)pp = 8.2 pSv. These X-ray emission doses were almost equal to the ones measured
for the nontextured basic material of similar surface roughness, S; = 0.44 um. For the
rougher surfaces featured with area roughness measures of S, = 1.8 um and 6.8 um resulting
from laser pretexturing at smaller intra-line pulse distances of dx = 0.9 pm and 0.6 um,
respectively, the detected X-ray emission doses per pulse amounted to H'(0.07)pp = 5.4 pSv
and 0.9 pSv, respectively. Remarkably, these dose values were even below the X-ray
emissions arising from laser processing of the nontextured steel surface at dx = 0.6 pm in
Figure 1 (right), which was proof for the screening of laser-induced X-ray photons by rough
surface features.
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Figure 3. X-ray emission dose per pulse as a function of the area roughness of specifically laser
pre-textured AISI 304 substrate surfaces.
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However, a closer look at Figure 1 shows a large variance of the X-ray emission dose
levels, diverging up to a factor of ten for the measurements carried out on four consecutive
days. An influencing effect of the laser beam or, rather, the ambient air conditions on
the X-ray emission dose can largely be ruled out, as the laser beam parameters were
carefully controlled during the study. Moreover, the experiments were performed in an
air-conditioned laboratory room (temperature: 22.5 + 0.5 °C; humidity: 44% =+ 2%) in order
to provide constant processing conditions.

3.2. Influencing Effect of Dust and Fume Extraction on X-ray Emission

After a detailed inspection of the experimental conditions, both the position of the
fume extraction element (FEE) related to the processing area, as well as the suction flow
speed vg, were identified as potentially influencing factors for the monitored different
X-ray emission dose levels. For a more precise investigation of this effect, the distance of
the FEE from the processing area do¢ was varied during the measurements of X-ray photon
emission arising from laser surface processing with pulses of Iy/px = 1.5 x 10'® W/cm?,
fp =1.6 MHz, and dx = 0.75 pm. As another control parameter, the suction flow speed was
monitored at the center position of the laser-processed field using a resistance anemometer.
The measurements showed a continuous reduction in the suction flow speed with increasing
distance of the FFE from the processing area, Figure 4. At about a 190 mm distance, the
suction flow turned from laminar to turbulent, which was indicated by the larger deviation
of the measured suction flow speed. From this position, no further reduction in the suction
flow speed was detected with larger distances because the cross jet air flow protecting the
focusing objective was more predominant within the processing area.
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Figure 4. X-ray emission dose per pulse as a function of suction flow speed that was varied by
increasing the distance of the fume extraction element from the laser processing area.

The results obtained in this set of experiments validated a strong impact of the sur-
rounding air flow on X-ray photon emission for the first time. In the laminar flow regime,
the X-ray emission dose increased almost linearly with lower suction flow speed, while
the maximum X-ray photon flux was measured in the turbulent flow regime. Hence, the
experiments of Figure 1 were repeated under controlled suction flow conditions. As
a result, the X-ray emissions arising from laser processing under stable suction flow
speeds (vg = 0.9 m/s & 0.3 m/s) showed a considerably reduced standard deviation rang-
ing within the measurement accuracy of the SILIX detector. This was proven for both
fp =0.5MHz and 1.6 MHz repetitive pulses studied on two different days, Figure 5.

In Figure 5, the critical intra-line pulse distances dx it are indicated. These values
represent the geometrical pulse distances within a raster-scanned line where the maximum
X-ray emission doses were detected. For the low PRF pulses, Figure 5 (left), the highest
X-ray emission was achieved at dx it = 0.15 pm, which was similar to the intra-line distance
shown in Figure 1 for the highest X-ray dose level. For high PRF pulses, in contrast, the
highest X-ray emission dose was recorded at dx it = 0.75 um, Figure 5 (right). This intra-
line distance was achieved under stable suction flow conditions and was a little smaller
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than those for uncontrolled laser processing conditions, further underlining the influence
of suction flow or, rather, the prevailing dust and fume concentration surrounding the laser
processing area on X-ray photon emission.
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Figure 5. X-ray emission dose per pulse as a function of the intra-line pulse distance at 0.5 MHz (left)
and 1.6 MHz (right) PRF obtained on 2 different days under controlled suction flow conditions. The
suction flow speed was kept constant at 0.9 m/s + 0.3 m/s. The mean values are highlighted by the
red symbols (circles). The critical intra-line pulse distances dx it are indicated.

3.3. X-ray Emission as a Function of PRF and Polarization State

A detailed analysis of the results obtained showed that the critical intra-line pulse
distance for the maximum X-ray emission dose was strongly affected by the specifically
applied PRE. For example, the critical intra-line distance was dx it = 0.2 pm at fp = 0.5 MHz,
enlarging to dx ot = 0.9 um at fp = 1.4 MHz and above, Figure 6. Therefore, a potential
explanation can be found in the complex interaction of the laser beam with the plasma
plume induced by preceding pulses in a pulse train. Moreover, in the particular case of
low-intense ultrashort pulses irradiating at MHz PRE, plasma resonance absorption might
be the dominant absorption mechanism for the laser beam, which was already evidenced
in a previous work [7]. This, in turn, implies optimum plasma characteristics in terms of
the degree of ionization, plasma carrier density, dimension and flank angle of the critical
plasma density layer, etc., for the most efficient coupling of impinging optical pulse energies
with the laser-induced plasma plume. In fact, plasma plume formation and expansion are
highly dynamic processes [8]. Therefore, it became evident for the dynamically changing
plasma plume that both timing (defined by PRF) and position (defined by intra-line pulse
distance) of the next impinging laser pulse had a great effect on optimum laser beam
coupling resulting maximum X-ray photon emission. The general trend of increasing X-ray
emission dose and enlarging critical intra-line pulse distance with higher PRFs can be seen
in Figure 6 for two different suction flow speeds: vg = 0.9 m/s and 2.8 m/s. In addition
to the X-ray emission dose per pulse, for a better comparison to the literature data, the
measured values are also presented in the form of X-ray emission dose rate per irradiated
laser power. The higher X-ray dose values and the larger critical intra-line pulse distances
were found for the lower suction flow speed, which is in line with the data presented above
in Figure 4. In this context, it is worth mentioning that the highest X-ray emission doses
can be seen in Figure 6 with about same value of 0.8 mSv/h/W for PRFs ranging between
1.0 MHz and 1.8 MHz. This broad range of MHz PRF for the highest X-ray emissions
seems to be contrary to previous results (e.g., Figure 5 (right) shows a distinct maximum at
1.6 MHz). The X-ray emission doses of Figure 6, however, represent maximum values that
were achieved at different intra-line pulse distances.
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Figure 6. X-ray emission doses per pulse and X-ray emission dose rates related to the applied average
laser power as a function of PRF detected at different suction flow speeds. The critical intra-line pulse
distances for maximum X-ray emissions are presented.

In addition to PRF and intra-line pulse distance, the polarization state of the laser
beam was another enhancing effect of ultrashort pulse laser-induced X-ray emissions,
Figure 7. This applies in particular to MHz pulses and linear polarization aligned parallel
to the beam scanning direction. When comparing with the perpendicularly polarized
laser beam, a maximum four-fold increase in X-ray emission was figured out for the
fp = 1.0 MHz repetitive pulses irradiating at a dx it = 0.5 um critical intra-line pulse dis-
tance, Figure 7 (left, middle). At the higher PRF of 1.6 MHz, the X-ray emission of the
parallel-polarized laser beam was about twice the X-ray dose obtained with perpendic-
ular polarization, Figure 7 (left, bottom). A difference by the factor of two between the
X-ray emission dose levels was also observed for the 0.5 MHz pulses irradiated either
parallel or perpendicularly polarized with respect to the laser beam scanning direction,
Figure 7 (left, top). The maximum X-ray emission dose levels of Figure 7, ranging up to
H'(0.07)ppmax = 1 pSv, were almost one order of magnitude below the values presented
above in Figure 5 of H'(0.07)ppmax = 10 pSv. This is mainly due to the fact that different
suction flow speeds were applied (vg = 0.9 m/s in Figure 5 vs. 2.8 m/s in Figure 7), which
further confirms the strong impact of suction flow speed on X-ray photon emission already
shown above in Figure 6. From these results, it can be postulated that the suction flow
speed manipulated the shape of the plasma plume, which, in turn, affected the efficient
coupling of the following laser pulses into the plasma under resonant absorption conditions.
The proposed influencing effect of laser beam polarization on X-ray emission can also be
assessed from the X-ray emission spectra provided in Figure 7 (right) showing higher X-ray
photon yields and wider X-ray spectra that were further enlarged to higher X-ray photon
energies for the parallel-polarized laser beam.

Nevertheless, the strong dependence of X-ray emission spectra and dose rate on laser
beam polarization is a further indication of plasma resonance absorption as an effective
absorption mechanism when MHz PRF pulses interact with well-formed plasma states.
This is validated by the fact that the polarization of laser beams has already been proven
as an influencing factor for resonance absorption in high-intense laser-produced plasma.
The originality of our study, however, is the evidenced resonance absorption of following
pulses (irradiating with short time delays at MHz PRF) on the well-formed plasma plume
induced by the preceding pulses in a pulse train. This was also confirmed by the monitored
X-ray photon spectra and corresponding X-ray dose rates increasing disproportionately
from H (0.07) = 2.7 mSv/h to 9.0 mSv /h at 1.0 MHz o, rather, H (0.07) = 7.0 mSv /h to
21.0 mSv/h at fp = 1.6 MHz when using a parallel- instead of a perpendicular-polarized
laser beam.
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Figure 7. (Left): X-ray emission dose per pulse as a function of pulse distance, PRF, and polarization
direction at a 2.8 m/s £ 0.4 m/s suction flow speed; (right): corresponding X-ray photon spectra
monitored for 1.0 MHz or 1.6 MHz PREF, 0.6 intra-line pulse distance, 0.9 m/s & 0.3 m/s suction flow
speed, and either parallel (red) or perpendicular (blue) laser beam polarization.

3.4. Influence of the Peak Intensity on X-ray Emission

In this study, maximum X-ray emission dose rates up to H (0.07) = 35 mSv /h were
produced with pulses of comparably low peak intensity somewhat above 10'> W/cm?. As
a rough estimate, the doubling of the peak intensity could induce 10 times higher X-ray
emission dose rates, which implied that peak intensity is a significantly influencing variable
of X-ray photon emission. Following Equation (1), the peak intensity denotes the maximum
optical power related to the laser spot area and can be varied either by the pulse energy, the
pulse duration, or the spot size of the irradiating laser beam. For a better understanding of
the specific effect of these individual parameters on X-ray emission and further to identify
a threshold value for the start of X-ray photon generation, the peak intensity was gradually
reduced by (i) increasing the pulse duration between 330 fs < 7y < 10 ps, (ii) reducing
the pulse energy by lowering the average laser power to a constant fp = 0.5 MHz, and
(iii) increasing the laser spot area by placing the substrate surface out of the focal plane
(defocusing). In the case of defocusing, the effective laser spot radius wgs(z) of the laser
beam depended on the distance of the substrate surface from the focal plane, hereinafter
referenced as defocusing distance z. In order to define the peak intensity of the ultrashort
pulses specifically applied in the defocused substrate position, according to Equation (1),
the effective laser spot radius was calculated following Equation (2) by taking into account
the Rayleigh length of zg = 0.6 um and the focus spot radius of wy g = 15.0 um

2
wse(z) = wosey |1+ -
ZR
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In Figure 8 (left), the pulse energy showed the greatest effect on the released dose
rate when comparing the X-ray emissions from pulses of varying peak intensities. This
was validated by the steepest curve growth (blue, squares) in the H'(0.07) vs. I log-
log plot. At a fixed peak intensity, the pulses of longer pulse duration induced higher
X-ray emission dose levels (green, circles). The results also confirm that pulse duration
affected the threshold intensity value, where X-ray photons were detected for the first
time. For example, the intensity threshold was figured from Iy ygpp = 1.3 x 103 W/cm?
for 340 fs pulses. In contrast, with the longer 10 ps pulses, the X-ray photon emission
started at Iy, yppL = 2.3 X 10'2 W/ecm?. This was about four times below the legal peak
intensity limit for approval-free laser operation in Germany. Moreover, the corresponding
H'(0.07) = 10 uSv /h for the applied low-intense 30 W average power laser beam exceeded
considerably the permitted 1 uSv/h maximum X-ray emission dose rate.

x-ray emission with variable:

Wee Wge
Qr T e foc. above surface foc. inside material
1.0 1
2 |
0 : ; 0.8 Wse
] ‘+j | : w(z)
3 & 0.6
1078 _+_ == _?_ ﬁ
= g : 0.4 4
-4
10 A‘f_ _é 0.2 1 :‘ F(0.07)(2) [’O‘)(Z)
1 R T max
T 0.0 AlJ\;A T T
1012 1013 -1 above 0 inside 1
peak intensity o/ W cm ™2 focal position Z/ mm

Figure 8. (Left): X-ray emission dose rate as function of pulse energy, pulse duration, and laser spot
size; (Right): effect of laser beam defocusing on laser spot radius, peak intensity, and X-ray emission
dose rate obtained at 0.5 MHz PRF, 1.0 pm intra-line pulse distance, and 2.8 m/s £ 0.4/s suction
flow speed.

The spot size of the laser beam at the substrate surface was varied by defocusing. For
larger spot sizes with focus positions above instead of inside the laser beam, the substrate
surface showed up to three times higher X-ray emission dose rates. A potential explanation,
therefore, can be found with the heel effect by screening X-ray photons generated inside
the craters on the rough and protruded surface features. As a matter of fact, in the case of
placing the focus position inside the material, the outer areas of the laser beam were cut off
by the original surface, reducing the effective peak intensity of the laser beam travelling
to the deeper areas being processed. The main effects of laser beam defocusing on X-ray
emissions are indicated in Figure 8 (right), showing larger laser spot radii, lower peak
intensity, and decreasing X-ray emissions for the greater distances of the laser focus plane
from the substrate surface.

4. Summary and Main Conclusions

The emission of undesired X-ray photon radiation in ultrashort pulse laser materials
processing poses a secondary laser beam hazard and can cause serious health risks for
laser operators. The generation of harmful X-ray dose levels is affected by a wide range
of laser parameters and processing conditions. In total, more than 20 influencing factors
on the laser-, process- and material-sides have been identified as considerably affecting
the X-ray emission dose, while the individual parameters also can have a direct influence
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on each other. In this article, in addition to peak intensity as the most likely variable, the
PRE, intra-line pulse distance, polarization direction, and suction flow speed were shown
as other contributing parameters enhancing laser-induced X-ray emissions. Based on the
results obtained in the presented study, the following key findings were concluded:

1.  X-ray emission dose levels could increase up to ten-fold when ultrashort laser pulses
irradiate at MHz PRF and submicrometer intra-line pulse distances;

2. A critical intra-line distance depending on PRF existed for maximum X-ray emissions;

Higher X-ray emissions could be released from smoother surfaces;

4. The suction flow conditions in the laser processing area affected X-ray photon emis-
sions, where higher suction flow speeds induced lower X-ray dose levels;

5. Alaser beam parallel-polarized to the beam moving direction induced higher X-ray
emissions, which further confirmed plasma resonance absorption as an efficient laser
beam absorption mechanism in a low-intense ultrashort pulse laser regime;

6. Harmful X-ray emission dose rates exceeding the legal limit of 1 uSv/h could be
generated with peak intensities below 1 x 10" W/cm, and, finally;

7. The peak intensity threshold value for X-ray emissions decreased with larger laser
spot sizes and longer pulse durations.

@

These summarizing statements provide new insights into the fundamental mecha-
nisms for X-ray photon emissions arising from USPLs applied in materials processing.
Essentially, the detailed understanding of the interrelation between the main contribut-
ing parameters is particularly helpful for the development of effective X-ray protection
strategies for safe and risk-free operation of powerful USPLs in industrial and academic
research applications. Furthermore, the presented X-ray emission dose rates monitored
in industrial-relevant USPL processes can provide a basis for the correct selection and
dimensioning of X-ray radiation shielding enclosures.
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Abstract: Interactions between ultrashort laser pulses with intensities larger than 10'® W/cm? and
solids during material processing can lead to the emission of X-rays with photon energies above
5 keV, causing radiation hazards to operators. A framework for inspecting X-ray emission hazards
during laser material processing has yet to be developed. One requirement for conducting radiation
protection inspections is using a reference scenario, i.e., laser settings and process parameters that will
lead to an almost constant and high level of X-ray emissions. To study the feasibility of setting up a
reference scenario in practice, ambient dose rates and photon energies were measured using traceable
measurement equipment in an industrial setting at SCHOTT AG. Ultrashort pulsed (USP) lasers
with a maximum average power of 220 W provided the opportunity to measure X-ray emissions at
laser peak intensities of up to 3.3 x 10'® W/cm? at pulse durations of ~1 ps. The results indicate that
increasing the laser peak intensity is insufficient to generate high dose rates. The investigations were
affected by various constraints which prevented measuring high ambient dose rates. In this work, a
list of issues which may be encountered when performing measurements at USP-laser machines in
industrial settings is identified.

Keywords: X-ray emission hazards; ultrashort pulsed laser; radiation protection; industrial applica-
tions; protection housing; ambient dose rate; X-ray spectrum

1. Introduction

The use of ultrashort laser pulses in air for material processing has many advantages
such as the lateral and vertical precision of the surface contours down to the nanometer
range and the high reproducibility of the laser-generated structures [1]. Due to the progres-
sive development in the laser sector, average powers in the kW range with pulse repetition
rates exceeding the MHz level are currently available [2]. Machining with high-intensity
laser pulses can be accompanied by the generation of a near-surface electron plasma due to
absorption and ionization of the material, a subsequent plasma heating by the laser pulse,
and finally an interaction of “hot” plasma electrons with the processed material, leading to
continuous and characteristic X-ray emissions.

The fact that ultrashort sub-ps pulsed laser material interaction can lead to X-ray radi-
ation has been well established since the late 1980s [3-8]. Twenty years ago, X-ray emission
was reported as an unwanted secondary effect during femtosecond laser micromachining
of copper in air using kHz repetition rates [9,10]. The authors registered X-ray dose rates
requiring radiation protection measures. The amount of this X-ray radiation is determined
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by the laser parameters (pulse duration, peak intensity, pulse energy, wavelength, and
polarization), the workpiece (atomic number and surface preparation), and the laser pro-
cess management (scanning or stationary regime, laser turning, etc.). The use of laser
peak intensities above 103 W/cm? in combination with laser pulse repetition rates in the
few 100 kHz range can already lead to X-ray dose rates clearly exceeding the permitted
limits for members of the public. Tungsten and steel in particular show significant X-ray
emission [11-19]. In [11], it was demonstrated that other materials such as aluminum and
glass show significantly lower X-ray emissions. The measured dose rate for an aluminum
target was approximately two orders of magnitude lower than the dose rate of steel and
tungsten. For a fixed intensity, an increase in the measured dose rate with a raising atomic
number Z was observed as a general trend. Under typical ultrashort pulse laser machining
conditions in the intensity range of 1013 to 105 W/cm?, collision-less resonance absorption
appears to be the driving X-ray generation mechanism [17].

It has been shown very recently, experimentally, that significantly higher X-ray dose
rates can be generated during USP-laser machining when using a laser burst mode instead
of the single-pulse mode utilizing the same total laser intensity. The increase in X-ray
yield was attributed to the interaction between the ultrafast laser radiation and an ablation
cloud or high-density plasma [19,20]. This special regime was not investigated within the
framework of this paper.

Due to the possible emission of ionizing radiation during material processing with a
USP-laser machine, radiation monitoring and protection measures for staff working on such
machines must be implemented. One such measure is dosimetry measurements outside of
the protective housing or structural radiation protection features during the authorization
process for operation of USP-laser machines. To ensure conservativity during the radiation
protection inspection, the material processing scenario with maximum radiation exposure
and the highest photon energies of laser-induced X-ray radiation would typically have to be
employed. However, due to the large number of relevant laser and processing parameters,
determining and setting up a worst-case scenario is time-consuming and impractical during
regular safety inspections. Nevertheless, for consistent and reproducible inspection results,
a reference condition must be defined. In the case of USP-laser machines, this is especially
important as laser—plasma interactions and the subsequent energy spectra and intensities
of the X-ray emission strongly depend on various operational parameters such as laser
parameters, the manufacturing process and its geometry, and the previously mentioned
laser-irradiated material.

The possible reference scenario used here is based on the laser surface processing of a
metal sample such as steel or tungsten. For the measurements, a bidirectional configuration
is used. During this process, grooves with a certain length (e.g., 15 mm) are machined
into the target material. After finishing one groove, the material is moved by one focus
diameter in the direction perpendicular to the groove, and another groove is manufactured
in the opposite direction. This process is repeated until a surface scan area of, for example,
15 x 15 mm? has been covered. This includes the ablation of a single “process layer”.
To increase the duration of the laser processing, either the size of a single layer can be
increased or multiple layers can be vertically stacked. However, as demonstrated in [13]
processing multiple ablated layers can lead to changed X-ray emission characteristics due
to the modified surface topography after the machining of each layer. Such a reference
material processing scenario has the advantage that the direction of the radiation field is
well known. Due to intrinsic absorption in the target material, the highest dose rates of
the laser-induced radiation are measured in the opposite direction to the movement of the
laser, i.e., parallel to the laser ablated grooves [11,13,14].

A reference scenario employed during radiation protection inspections should be
conservative with respect to the ambient dose rate of the X-ray emission and the maximum
photon energy of the X-ray spectrum. This ensures that, during a radiation protection
evaluation of the protection housing of the USP-laser machine, the transmission of the
ionizing radiation is not underestimated. According to the literature [11], one of the most
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important parameters for generating laser-induced X-ray radiation with large ambient
dose rates is the laser peak intensity. Increasing the laser peak intensity via the laser pulse
energy will lead to an increase in the ambient dose rate of the emitted laser-induced X-ray
radiation. It has also been shown in previous studies that the emitted dose rate strongly
depends on the specific material of the workpiece [11,14]. The highest dose rates have been
observed when employing either steel or tungsten as targets. Therefore, it can be assumed
that, during radiation protection inspections on a USP-laser machine, the best approach
would be to use either one of these two materials and to employ the maximum available
laser pulse energy at a given laser pulse duration.

Another important prerequisite of the reference scenario is a temporally stable X-ray
emission with an almost constant dose rate level during the radiation protection inspection.
Additionally, the geometry of the entire radiation field should be well known and have a
large area of homogeneous X-ray emission. Both requirements ensure reliable radiation
protection measurements over the whole area of the protection housing.

The requirements for evaluating radiation protection inspection approaches at USP-
laser machines under realistic industrial settings were met at the company SCHOTT AG.
A USP-laser of 1 ps pulse duration, a wavelength of 1030 nm, and an average power of
220 W embedded in an aluminum protection housing was available for the measurements.
The theoretically achievable peak intensity of 3.3 x 10> W/cm? is comparatively high and
normally used for the processing of transparent glasses making use of nonlinear absorption
mechanisms. So far, only Schille et al. have employed higher laser peak intensities of
up to 5.2 x 10'® W/cm? in a recent study [19]. The aluminum protection housing at the
USP-laser machine at SCHOTT AG was an interesting test subject as the protective effect
is expected to be much smaller than for steel enclosures. Lastly, some interesting safety
features, as explained later, are present in the machine.

Next, the experimental setup, some issues encountered during the measurements, and
the results for the measurements in an industrial setting at SCHOTT AG with two different
experimental setups are summarized. In particular, constraints imposed on the placement
of the X-ray measurement equipment due to safety features inside the protection housing
had a large impact on the measurements. Because of these issues and despite experience
with the generation of laser-induced X-ray radiation, the dose rates measured at SCHOTT
AG are lower than those obtained during measurements at similar laser peak intensities of
other groups.

2. Materials and Methods
2.1. USP-Laser Machine

The measurements were performed in a walk-in microSHAPE™ machine (3D-Micromac,
Chemnitz, Germany), which has an XHE 200 W (Amphos, Aachen, Germany) laser system.
A photo of the interior of the system is shown in Figure 1.

The laser was used with fixed optics (no laser scanner was employed) that focused
the laser beam, using standard processing laser parameters, onto the workpiece, creating a
spot diameter of about 10 pm. The focus diameter was calculated by the control system
of the USP-laser machine from manufacturer information of the laser beam diameter and
the different focal lengths of lenses in the focusing optics system. Since the movement of
the laser spot and the optics (x- and z-direction) on the workpiece had to be carried out
in relation to the sample holder station (y-direction) by translating the sample, the feed
speed rate had to be set considerably low at 100 mm/s. The sample holder has a Y-stage
assembly and provides a focal plane with a working area of up to 0.5 m? (see Figure 1a).
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Figure 1. (a) Interior of the microSHAPE™ USP laser system at SCHOTT AG. The system is accessible and equipped
with several safety systems that are intended to prevent staff from entering the machine during laser operation. One of
these safety systems is the Sick laser scanner device (b) installed in the wall in front of the operating machine system. The
monitored area covers the region between 10 cm and 30 cm above the granite table.

The industrial USP-laser machine used in this work was designed as a walk-in config-
uration; therefore, it has several safety mechanisms implemented to prevent the trespassing
of people during laser operation. Figure 1b shows a laser safety scanner from Sick (Diissel-
dorf, Germany) [21] placed at the entrance of the microSHAPE™ USP-laser machine. This
device uses the time-of-flight principle (ToF) to monitor the room for objects and people
and was particularly relevant for setting up the position of the X-ray measuring devices for
this study.

2.2. Sample Workpiece and Processing Parameters

As described above, a surface process on a tungsten plate was employed as a reference
scenario. The machined areas were 15 x 15 mm? squares (Figure 2a), processed with
laser beam scanning in a bidirectional sequence (Figure 2b) n times on the tungsten plate
(Figure 2c) without readjusting the distance between optics and sample surface during
measurements. The laser pulse duration was 1 ps. Three different configurations of laser
pulse energy and repetition rate were measured. These configurations are summarized
together with the calculated peak intensity and laser spot distance (in y-direction) in Table 1.
For comparison, the parameters of measurements taken with two other experimental
setups using an HR50 laser (Coherent, Santa Clara, CA, USA) and a GL.evo (GFH GmbH,
Deggendorf, Germany) are also included in Table 1. The offset between two adjacent lines
corresponded to one focus diameter (in x-direction). With these settings, two adjacent
processing points were approximately 0.250 pm to 2 um apart along a line. Due to the large
overlap between two adjacent machining spots, deep holes were created on the material
surface, and a large amount of material was overall removed per laser scan.
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Figure 2. (a) The 15 x 15 mm? scan areas after USP-laser processing with the microSHAPE™ machine at peak intensities
of 1 x 10" W/cm? and above (see Table 1). The visibly different depths of the processed areas are caused by different
numbers of processing steps and variations of the laser pulse energy. The square in the top left corner was processed at PTB
with a much smaller peak intensity of 3.0 x 10'* W/cm?. (b) Schematic of the 2D bidirectional laser spot movement with
respect to the coordinate system as given in Figure 1. In (c), multiple processing layers in the z-direction are indicated.

Table 1. Summary of laser processing parameters and corresponding measured dose rates for different USP-laser machines
and their respective studied configurations. Pulse durations were 1 ps and 0.274 ps, and laser focus spot diameters were
12 um and 33 pum (both manufacturer information) for the setups operated at SCHOTT AG and at PTB, respectively. The
wavelengths of all lasers listed here were approximately 1 um. The maximum ambient dose rate measurements at SCHOTT
AG were conducted at a distance of 475 mm from the laser processing location. The maximum ambient dose rate at the
GL.evo machine of approximately 2.1 mSv/h was measured at a distance of 160 mm during a laser turning process. The
uncertainties listed for the dose rate values were calculated via error propagation of the calibration factor of the dosemeter.

USP-Laser Machine o, Pulse E Distance of . Max.
ﬁ:ﬂegg‘l}; " si p]r)lergy Laser Spots Pea(l;\;lxl::rzl)s ity dH*(10)/dt
Model Operator (um) (uSv/h)
3D-Mi 400 550 0.25 9.1 x 104 128+ 8
o oHAppIM  SCHOTT AG 200 550 05 9.1 x 101 2442
fiere 50 1980 2 3.3 x 1015 0.90 + 0.06
Second setup, Natural
Coherent HR50 ~ SCHOTT AG 200 175 5 1.0 x 101 background
laser radiation
GFH GmbH PTB 50 371 10 3.0 x 10 Up to2.1 x 103
GL.evo

In the first processes, to carefully test how the material behaves and not to damage
the optics, only a fraction of the power was used. The processing areas produced by the
microSHAPE™ USP-laser machine were visibly deeper than those of the GL.evo USP-
laser-machine (Figure 2a, top left) due to the high average laser output power of 220 W
of microSHAPE™ USP-laser machine, the large available peak intensities, and the large
overlap between adjacent laser spots at a scan velocity of 100 mm/s. The GL.evo machine
located at PTB uses a laser with a much smaller average power and peak intensity. For
example, during one measurement with the microSHAPE™ USP-laser machine, the overall
removed material thickness of tungsten was approximately 500 um (Figure 2a, bottom
right) after four processing layer repetitions (z-direction in Figure 2c) in comparison to only
a few um after an equal number of repetitions at the GL.evo machine.

Since the removal rate in the reference scenario was much larger than those routinely
applied by SCHOTT AG for glass processes using this machine, the exhaust system had
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to be temporarily reinforced during the measurements by bringing the suction opening
closer to the processing position. This was realized with the help of an additional vacuum
pipe and the adjustment of the machine’s suction system to bring it as close as possible
to the plasma region. Nevertheless, after each processing step (with two to four ablation
layer repetitions), the lens of the laser focusing optics had to be cleaned to prevent smoke
traces that could reduce the focusing quality and laser energy delivered to the target. In
Figure 3, one can see the experimental setup in detail. To be able to estimate the radiation
direction and the size of the X-ray radiation field, a radiographic imaging plate from a
computer radiography scanner was attached to the interior of the USP-laser system near to
the processing point, as shown in Figure 3b.

=
S
=

(@ (b)

Figure 3. (a) Experimental setup and positioning of the measuring devices in the interior of the USP-laser machine.
The Amptek X-123 spectrometer was placed in a tinplate box with an opening in front of the window and additionally
covered with seven layers of 13 pum thick aluminum foil for shielding to prevent electromagnetic compatibility influences.
(b) Placement of the radiographic imaging plate to detect the direction and homogeneity of the X-rays emission during

USP-laser processing.

2.3. Placement of the Measurement Equipment

As mentioned in Section 2.1, the existence of a coupled safety scanner monitoring
system in the investigated microSHAPE™ USP-laser machine made the placement of
the measuring instruments challenging. The area monitored by the laser safety scanner
encompassed a region with a height of about 10 cm to 30 cm above the granite table and
reaching close to the laser head in y-direction of the machine (see Figure 1b). Thus, if any
object is detected by the monitoring laser scanner in this region (from now on called the
“safety monitored area”), either the USP-laser itself would not start, or it would immediately
be switched off as an emergency case during operation. Due to these restrictions, the
standard constructions of PTB, which normally include the usage of laboratory tripods
or mobile lifting bases, could not be applied here. Instead, an aluminum beam was fixed
to the top of the USP-laser machine creating a gantry to hold the X-ray spectrometer and
the dosemeter in a way to avoid the safety monitored area of the Sick laser safety scanner.
Furthermore, because of the safety monitored area and the shielding by optical components,
both devices could only be set up in approximately 45° to 60° angles to the direction of
the movement of the laser relative to the sample workpiece, as shown in Figure 3. The
distance between the dosemeter and the focus point of the USP-laser was 475 mm, while
the distance between the spectrometer and the focus point was 385 mm.

94



Materials 2021, 14, 7163

2.4. Instrumentation

Table 2 gives an overview of the instruments used in this study to quantify laser-
induced X-ray emissions while operating the USP-laser machines.

Table 2. Overview and description of the measurement instruments. The optimal energy range of the Automess 6150 doseme-
ter lies above 20 keV. However, it is calibrated in an ISO radiation quality N-15 reference field at PTB.

Instrument Dosemeter Spectrometer Radiography Scanner
Model Automess 6150AD-b/E Amptek X-123 CdTe DURR CR 35 NDT
Optimal energy range 20 keV to 7 MeV 8 keV to 70 keV Not specified
Measured property Ambient dose rate dH*(10)/dt ~ X-ray pulse height spectrum X-ray intensity

For measuring the ambient dose rate during USP-laser processing, the dose rate
meter 6150AD-b/E from Automess—Automation and Messtechnik GmbH (Ladenburg,
Germany) [22] was used. The dosemeters employed were calibrated in reference X-ray
fields at PTB. As the lowest point for the energy calibration, a radiation quality of the
narrow ISO X-ray series N-15 [23] with a mean energy of approximately 12.4 keV was
used [24].

For measuring the laser-induced X-ray energy spectrum using the tungsten plate as
a workpiece, an X-123 CdTe spectrometer from Amptek Inc. (Bedford, MA, USA) [25]
was employed. It was placed in a tinplate box and additionally covered with seven
layers of 13 um thick aluminum foil to assure electromagnetic compatibility (EMC) and
prevent interference through unwanted electrical or electromagnetic effects in the readout
electronics. The transmission as a function of photon energy for 90 um of aluminum
is shown later. The Amptek X-123 detector is based on a CdTe crystal with a thickness
of 1 mm used as an X-ray detector [26]. The interaction probability (intrinsic efficiency)
as a function of the photon energy for different Amptek detector systems is depicted in
Figure 4. The dashed violet curve corresponds to the device used for the measurements at
SCHOTT AG. As can be seen, it encompasses the energy region of interest for radiation
protection on USP-laser machines up to 70 keV. For low energies, the efficiency is limited by
a 100 pm Beryllium window, which is not included in Figure 4, and the additional 90 pm
of aluminum in front of the device. Due to absorption in the window material and the
aluminum, a slightly decreased efficiency of the detector can be expected for energies lower
than 8 keV.

For monitoring the homogeneity and the location of higher concentrations of emitted
X-rays during USP-laser machining, a 2D Radiography Scanner CR 35 NDT Plus system
from DURR (Stuttgart, Germany) [27] was used. As shown in Figure 3b, the radiographic
plate could be placed adjacent to the tungsten sample, around 10 cm away from the
laser-induced plasma and just outside the safety monitored area.
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Figure 4. Comparison of the intrinsic efficiency of the X-123 detectors from Amptek. At low energies, the Be window limits
sensitivity, and the 1 mm thick CdTe crystal (dashed violet curve) has a good efficiency up to 70 keV. © Amptek Inc 2021.

Reprinted with permission.

3. Results
3.1. Monitoring the Generation of X-ray Emissions

The recorded grayscale image of the radiography image plate is depicted in Figure 5a.
The area of each pixel of the grayscale image is approximately 200 x 200 pm?. As the
radiographic imaging plate was located very close to the source of the laser-induced X-
ray emission (see Figure 3b), the grayscale image pixels had to be corrected for different
distances from the plasma (see Figure 5b).

The shortest distance from the plasma was 10 cm, and the position of this point of
shortest distance on the imaging plate is marked with a red dot on the lower left side of
the grayscale image in Figure 5b. As the grayscale values are proportional to the local
intensity of the X-ray emission and the intensity of a point source decreases with the square
of the distance from the source, the distance-corrected grayscale values can be calculated
as follows:

G(ry) = G(r) 12 /1%, 1)

where G(rp) is the corrected grayscale value at the reference distance rq (in this case, the
shortest distance of 10 cm), and G(r) is the measured grayscale value at a distance r. The
distance r of each grayscale value can be calculated from the row and column position (u,
v) on the imaging plate, y and the row and column values (1, vg) of the reference distance
on the grayscale image (in this case (i, vp) = (371, 1021)), and the pixel pitch p.

2

2 =12+ p2 (u — up)? + pz (v — v)>.
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Figure 5. (a) Uncorrected and (b) distance-corrected grayscale image captured with the radiographic imaging plate. Both
images show that a large part of the X-ray radiation is emitted very flat and almost exclusively parallel to the sample plate
in the y-direction. The edge of the imaging plate can be seen very well as a sudden drop in the grayscale values in the
lower and left part of the image. The red rectangles in (a,b) show the area of the pixels used for the profile curve plotted
in (c). The red dot in (b) marks the position of the shortest distance to the plasma used for the calculation of the distance
correction. (c) Cross-section of the grayscale values along the rows of the corrected (orange curve) and uncorrected (blue
curve) grayscale images. The continuous decrease in grayscale value with a decreasing row number in the profiles indicates
that a large part of the laser-induced X-rays is emitted in a very flat angle close to the horizontal plane.

Further corrections due to additional absorption in air for larger distances from the
plasma and a possible angle dependency of the radiographic imaging plate have not been
applied. The area with the highest X-ray emissions, characterized by bright gray pixels, is
located close to the lower edge of the imaging plate. Accordingly, the X-ray radiation is
emitted in a very flat angle to the horizontal plane. In addition, as expected, the emission
also appears to be largely parallel to the line of movement of the USP-laser (y-direction).
The edge of the radiographic imaging plate is located in the lower and left part of the
grayscale image. The different areas of the radiation field can also be seen in the comparison
between the distance-corrected and uncorrected z-profile (the image pixels employed to
generate the profile are indicated by the red rectangle in Figure 5a,b) of the grayscale values
depicted in Figure 5c. From the measurements performed with the radiography imaging
plate, one can conclude that the placement of the dosemeter and the spectrometer devices
was not optimal regarding the maximum emission of the X-ray radiation, i.e., they were not
directly installed in the maximum region but at the edge of the radiation field. However, as
discussed in Section 2.3, this was the best arrangement possible for this USP-laser machine.

3.2. Obtained Energy Spectra and Dose Rates

Figure 6 depicts pulse height spectra from laser-induced X-ray emissions with and
without a 50 um thick copper filter in addition to the default aluminum filter with an
overall thickness of approximately 90 um. The spectra were measured with a laser pulse
energy of 550 pJ, a pulse duration of 1 ps, and a repetition rate of 400 kHz. The mean X-ray
photon energy values obtained during the USP-laser processing with and without a 50 pm
thick copper foil were approximately 8.1 keV and 8.9 keV, respectively.
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Figure 6. Pulse height spectra measured with the Amptek X-123 CdTe spectrometer during tungsten flat surface processing
using a laser pulse energy of 550 ], a repetition rate of 400 kHz, a pulse duration of 1 ps, and a focus diameter of 10 pm.
Shown are the measured spectra without any additional copper filter (blue curve) and with a copper filter (green curve),
as well as the calculated spectrum based on the convolution of the spectrum without copper filter with the transmission
function of 50 pm copper (orange curve).

Moreover, for comparison, the expected spectrum after transition of a 50 um thick
copper filter was calculated. This calculated spectrum (orange curve in Figure 6) is based
on the measured spectrum without a copper filter (blue curve) multiplied by a transmission
function T(E, d) in each energy channel. The function T(E, d) describes the exponential
attenuation of photons traversing a material [28] and is given by

T (E, d) = e~ EV/p) xpd 3)

where d and p are the thickness and density of the material (in this case 50 um of copper foil),
respectively, and y(E)/p is the energy-dependent mass attenuation coefficient of the material.
For the calculation, the list of mass attenuation coefficients from the National Institute of
Standards and Technology was used [28]. These tabulated values were logarithmically
interpolated to obtain a corresponding value of the mass attenuation coefficient for each
energy channel of the Amptek X-123 spectrometer. The T(E, d) for 50 pm of copper and
90 pum of aluminum as a function of the photon energy, together with the curve for no
attenuation, i.e., T(E, d) = 1, is depicted in Figure 7.

As seen in Figure 6, the pulse height spectrum determined using the transmission
function agrees very well with the pulse height spectrum measured with a 50 um thick
copper filter. The sharp drop in the spectrum at around 9 keV, which is caused by the
absorption edge of the K-shell of copper, is clearly visible. The deviation for higher energies
exceeding 15 keV is most likely caused by background noise and the pileup effect. This is
also supported by the fact that the pulse height spectrum with an additional copper filter
has no entries in this energy range. The pileup effect arises if multiple X-ray photons hit
the single photon detector in the timeframe of the processing time and are registered as one
single photon with correspondingly higher energy; this can be minimized by positioning
the spectrometers at a large distance to the X-ray radiation source. As verified by the good
agreement between the calculated and measured curves in Figure 6, further X-ray emission
spectra were measured without the copper filter in front of the spectrometer window.
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Figure 7. Transmission function T(E, d) (see Equation (1)) for 50 um of copper (orange dotted curve) and 90 um of aluminum
(solid green curve) as a function of the energy. For the calculation, the list of mass attenuation coefficients from the National
Institute of Standards and Technology was used. The values were logarithmically interpolated to get a value for each energy
channel of the X-123 spectrometer. The rapid decrease at approximately 9 keV is caused by the sudden increase in the
attenuation coefficient of copper due to the Cu-K edge.

Figure 8 shows the comparison of the X-ray emission spectra for a fixed average
laser power but two different combinations of pulse energy and repetition rate configured
in the microSHAPE™ USP-laser machine. The first measurement (orange curve) took
place at a laser repetition rate of 50 kHz and a laser pulse energy of 1980 pJ, while the
second measurement (blue curve) was carried out at a laser repetition rate of 200 kHz and
a laser pulse energy of 550 uJ. The respective laser peak intensities of the laser pulses were
3.3 x 101 W/cm? and 0.9 x 10> W/cm?. To be able to compare the measurements as
plotted in Figure 8, the number of photons (counts) per channel with an energy bandwidth
of 20 eV was divided by the accumulation time in seconds of each experiment.

An increase in the laser pulse energy and the associated increase in the peak intensity
of the laser pulses led to a shift of the spectrum to higher X-ray photon energies, as shown
by the two combined spectral measurements in Figure 8. Accordingly, the average power
of the laser, which was nearly identical for both configurations, cannot be employed as a
simple scaling parameter for the emitted X-ray radiation as the photon energy spectrum is
affected by the variation of the repetition rate and the pulse energy. The increase in counts
in the low-energy region (between 5 keV and 7 keV) was most likely a consequence of
an insufficient shielding of the CdTe detector and may have been caused by the pulsed
intense electromagnetic laser plasma field. However, X-ray emissions at such low energies
(here below 8 keV) would play only a minor role in relation to the hazard potential in
enclosed USP-laser systems, because a large part of the photons would be absorbed in the
ambient air and when passing through the protective housing and, thus, would not reach
the operating personnel working on the machine.
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Figure 8. Pulse height spectra measured for the combination of two different USP-laser pulse energies and laser repetition
rates: 550 pJ and 200 kHz (blue curve), 1980 uJ and 50 kHz (orange curve). The number of photons per channel with an
energy bandwidth of 20 eV was divided by the total USP-laser processing time, to make the two spectra comparable. The

increase in irradiance due to the higher pulse energy causes an energetic shift of the maxima of the spectra to higher photon
energies. The increase of count rate in the low-energy region (between 5 keV and 7 keV) for the 50 kHz process is most
likely caused by electronic noise due to an insufficient shielding of the CdTe detector. Overall, the recorded number of
X-ray photons per second is very low, which was also confirmed in separate dose rate measurements with the Automess
6150AD-b/E dosemeter (see Table 1).

Overall, the accumulated X-ray photon energy in the spectra was very low. This
was also confirmed by the complementary dose rate measurements with the calibrated
Automess 6150 dosemeter. The maximum measured ambient dose rates for the three
different configurations at the microSHAPE™ USP-laser system are listed in Table 1.
During the surface process with a pulse energy of 1980 J, an ambient dose equivalent rate
dH*(10)/dt of around 1 uSv/h was measured. These X-ray emission dose rates are much
lower compared to the mSv/h reported recently in the literature for the same laser pulse
duration and a lower laser pulse energy [11,12,18,19].

Further measurements were likewise carried out with the tungsten plate and a borosil-
icate glass sample, using a second experimental setup with a Coherent HR50 USP laser
(Santa Clara, CA, USA). The Coherent HR50 laser has an average power of 35 W, a repeti-
tion rate of 200 kHz, and an emission wavelength of 1064 nm. For the radiation protection
experiments, a pulse energy of 175 pJ and a laser pulse duration of 10 ps were applied; the
focus diameter was approximately 20 pm, resulting in a peak intensity of approximately
1.0 x 10" W/cm?. Thus, the peak intensity of the laser is significantly lower than that
of the microSHAPE™ USP-laser system with an output power of 220 W, reaching up to
3.3 x 1015 W/em?2.

The second setup with the Coherent laser was selected for further measurements
because of the distinctive features of the 2 mm steel protection housing. It has an opening
station comprising two doors with windows made of PMMA polymer covered by a thin
aluminum layer (see Figure 9). Additionally, in a small slit region where the two doors join
when closed, rubber material without any additional steel or aluminum layers is located.
In this region, transmission of X-ray radiation is much less suppressed when compared to
the surrounding steel protection housing.
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Figure 9. Photograph of the protection housing doors of the second experimental setup. The laser
used in the system is a Coherent HR50 USP-laser with an average power of 35 W. The housing
is made of 2 mm thick steel, and the windows are made of PMMA covered with a thin sheet of
aluminum. Between the two doors there is a narrow area where, in the closed position, only rubber
material lips join without any additional steel or aluminum layers.

On one hand, those are weak points in the protection housing that must be considered
with regard to the transmission of X-rays. On the other hand, during the measurements
with tungsten and glass targets, no deviation from the natural background radiation could
be observed with the Automess 6150 dosemeter at a distance of 190 mm from the focus
point of the laser. Measurements with the radiographic imaging plates and the X-123 CdTe
spectrometer also showed no signal from laser-induced X-ray emissions.

4. Discussion

During measurements at the second experimental setup with a Coherent HR 50 laser,
tungsten and borosilicate glass target material, and a peak intensity of approximately
1013 W/em?, no emission of X-ray radiation could be observed with either the Automess
6150 dosemeter, the X-123 spectrometer or radiographic imaging plates at a distance of
approximately 19 cm from the plasma. This is not unexpected as the generation of X-rays
with energies large enough to traverse short distances of air is expected to be very inefficient
for laser peak intensities of 10" W/em? [11].

With the microSHAPE™ USP-laser machine employing a tungsten workpiece, the
measured dose rates are much smaller than expected for a laser-induced plasma gener-
ated at peak intensities of 3.3 x 10'®> W/cm? with tungsten as a target material. In the
literature, typically, dose rates in the range of mSv/h are measured for such high peak
intensities [18,19]. As can be seen from Table 1, the measured dose rate decreased with
increasing pulse energy, which is unexpected. There are several possible explanations for
these results.
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First, the measurement equipment was installed in a nonoptimal position. As ex-
plained earlier, the main reason for this was a safety system, which monitored the interior
of the USP-laser machine and prevented the installation of objects in a large area directly
in front of the laser head and the focus point on the workpiece. As can be seen from the
distance-corrected grayscale image (Figure 5b), the radiation field of the laser-induced
X-rays is located near the horizontal plane and in the direction of the y-axis parallel to the
lines. Due to the space limitations, the dosemeter and spectrometer had to be installed at a
large angle of approximately 45° from the horizontal plane and approximately 45° to 60°
to the processing grooves in the y-direction. Consequently, the radiometric measurement
equipment was located at the fringes of the radiation field, where the X-ray dose rate is
expected to be much lower than in the maximum of the field.

Additionally, the large rate of material removal caused large amounts of debris in the
air near the workpiece and focusing optics. The exhaust system was not powerful enough
to remove all remnants of the laser ablated material. Thus, some residual material was
deposited on the focusing optics, degrading the quality of the laser spot and accordingly
decreasing the energy deposited in the workpiece. Additional thermal effects which affect
the focusing qualities of lenses of the focusing optics may also have had an impact. This
degrading effect is most likely even worse when increasing the pulse energy and, therefore,
increasing the amount of material removed per laser pulse. This would at least partially
explain the low dose rate measurements at a pulse energy of 1980 puJ when compared to
the measurements at 550 pJ.

Moreover, the scanning speed of the laser spot on the workpiece was comparably
low with 100 mm/s. Other experiments in the literature used a much higher scanning
speed ranging from 400 mm/s [19] to 1000 mm/s [11] to prevent large overlap of adjacent
laser spots and, thus, the formation of very deep ablated groove structures. For the
measurements at SCHOTT AG, the combination of a large laser pulse energy of 550 J
and 1980 pJ and the slow movement speed of the laser spot led to the formation of very
deep ablated groove structures. During the laser material processing, the plasmas at the
bottom of these structures were deep within the material; therefore, most of the emitted
low-energy X-ray photons were absorbed by the surrounding material. This effect is
especially important here because of the placement of the measurement equipment due to
safety restrictions. As can be seen from Figure 8, the difference between the high energy
tails of the spectrum with pulse energies of 550 puJ and 1980 yJ is in the range of only a few
keV. Accordingly, on one hand, increasing the pulse energy will only have a minor effect
on the transmission of X-ray photons through the workpiece material, i.e., tungsten. On
the other hand, increasing the pulse energy will lead to deeper groove structures and will,
therefore, increase the amount of material that has to be traversed by the X-ray photons to
reach the measurement equipment, resulting in an increased rate of absorption. This effect
might explain the measurement of a lower dose rate at a higher pulse energy.

The acquired X-ray spectra from the highest investigated USP-laser pulse (1980 pJ)
showed energies of up to 25 keV, which is consistent with other measurements at lower
and similar peak intensities [11,14]. The measured spectra were tested by applying an
additional copper filter with a thickness of 50 um. In a comparison between the measured
spectrum with the copper filter and the expected spectrum calculated from the spectrum
and the transition function of 50 um copper, a good agreement could be observed. Addi-
tionally, spectra of two different combinations of laser pulse energy and repetition rate were
compared. As expected, a higher pulse energy and, consequently, a higher peak intensity
led to a spectrum with higher maximum photon energies [14,29,30]. These measurements
with nearly identical average laser powers but different pulse energies and repetition rates
confirm that the average laser power cannot be employed as a simple scaling factor for the
expected photon energy of laser-induced radiation.

The distribution of the distance corrected radiation field depicted in Figure 5b shows
a clear maximum in the direction parallel to the laser movement along the processed lines
in the material (y-direction). This result is in good agreement with previous measure-

102



Materials 2021, 14, 7163

ments [11,13,14]. However, as can be seen from Figure 5¢, the distribution of the X-ray
emission has a maximum very close to the horizontal plane. In previous measurements, the
maximum of the radiation field for the processing of tungsten was found to be at a larger
angle of approximately 30° [11]. Two possible explanations for this deviation are presented
here. First, this unexpected angular distribution of the radiation field might be caused by
differences in laser peak intensity and, consequently, the large amount of residual material
in the air near the plasma. This might, in turn, affect the angular characteristics of the
plasma emission, due to absorption of the low energy X-rays in the material cloud. Another
possibility is that, because of the very deep groove structures and the large overlap between
adjacent laser spots, the plasma is located on the side wall of the groove and not at the
bottom of the groove parallel to the surface of the target material. This would lead to a
different alignment of the plasma density gradient, which significantly affects the emission
characteristic of laser-induced X-rays.

As demonstrated, a fast, reliable, and reproducible investigation of the protection
housing of the machine or structural radiation protection features may not be feasible
using laser-induced X-rays. Consequently, other inspection concepts for future radiation
protection tests of USP-laser machines must be considered. One alternative concept could
be based on using a stable and continuous X-ray source such as an X-ray tube as a substitute
for the laser-induced radiation. Requirements for this approach would be that the X-ray
tube has a similar energy spectrum to the laser-induced X-ray emission. By varying the
high voltage and current of the X-ray tube, the ambient dose rate and energy spectrum of
the radiation can be determined, for which the transition radiation through the protection
housing falls below legal dose rate limits. Such a mimicking of the laser-induced X-ray
generation by conventional X-ray technology and already well-established inspection
procedures appears feasible and would significantly facilitate the legal approval process of
USP-laser processing machines by the local authorities.

5. Conclusions

The results and issues while performing dosimetric and spectrometric measurements
of laser-induced X-ray emissions in a realistic industrial working environment clearly
demonstrate that setting up a typical USP-laser machine for radiation protection inspections
under reference conditions with worst-case X-ray emissions is very complicated and time-
consuming. Optimizing the laser processing parameters, such as pulse energy and focus
diameter with respect to the emission of laser-induced X-ray radiation, may lead to damage
in the focusing optics or in other crucial components of the machine. Installed safety
systems may prevent the person responsible for the radiation protection inspection from
measuring under optimal conditions. Redeposition of ablated material on the optics of the
laser processing system can additionally affect the measurements if the exhaust system is
not powerful enough to remove unusually large amounts of ablated material produced
during processing scenarios with high pulse energies and repetition rates.

All the adaptations and difficulties found during the measurement make it clear that,
despite extensive experience with the generation of X-rays on USP-laser systems, it is
not trivial to find a machining process on a third-party machine which can be employed
as a reference scenario with high emissions of X-rays (or even the worst-case scenario).
However, considering the numerous developments of USP-laser machines in industrial
applications during the last few years and the number of USP-laser machines already
in industrial use, the development of a reliable and reproducible radiation protection
inspection of USP-laser machines is urgently required.

An alternative inspection concept for USP-laser machines could be based on using
a stable and continuous X-ray source such as an X-ray tube as a substitute for the laser-
induced radiation during the investigation of the machine housing.
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Abstract: The interaction of ultrashort pulsed laser radiation with intensities of 101> W cm™
above with materials often results in an unexpected high X-ray photon flux. It has been shown so far,
on the one hand, that X-ray photon emissions increase proportionally with higher laser power and
the accumulated X-ray dose rates can cause serious health risks for the laser operators. On the other
hand, there is clear evidence that little variations of the operational conditions can considerably affect
the spectral X-ray photon flux and X-ray emissions dose. In order to enhance the knowledge in this
field, four ultrashort pulse laser systems for providing different complementary beam characteristics
were employed in this study on laser-induced X-ray emissions, including peak intensities between
8 x 1012 W-em 2 <] <5.2 x 10 W.cm~2, up to 72.2 W average laser power as well as burst/bi-
burst processing mode. By the example of AISI 304 stainless steel, it was verified that X-ray emission
dose rates as high as H (0.07) > 45 mSv h™! can be produced when low-intensity ultrashort pulses
irradiate at a small 1 um intra-line pulse distance during laser beam scanning and megahertz pulse
repetition frequencies. For burst and bi-burst pulses, the second intra-burst pulse was found to
significantly enhance the X-ray emission potentially induced by laser pulse and plasma interaction.

Keywords: laser; ultrashort pulse; plasma; X-ray; dose rate; Bremsstrahlung; resonance absorption;
burst; bi-burst

1. Introduction

Ultrashort pulse lasers feature excellent performances for high-efficient and precision
machining that also has attracted increasing attention for innovations in micro fabrication
and surface engineering. Moreover, the recent power scaling of femtosecond (fs) and
picosecond (ps) lasers reaching multi-kW class level [1,2] will pave the way of the ultra-
short pulse laser technology from the laboratory into industrial production. Actually, in
typical material processing scenarios, ultrashort laser pulses of micro to milli joules optical
energy and hundreds of femtoseconds to picoseconds pulse durations are employed, for
example, in laser micro drilling [3,4], laser engraving [5,6], or laser surface texturing and
modifications [7,8]. By tightly focusing the laser radiation, high peak intensities in the
range from 103 to 10'® W-cm—2 can be reached on the material surface. However, when
using laser pulses of such high intensity in material ablation, high-intense electron plasmas
will be produced, itself emitting X-ray photons at a several keV level. The X-ray photons
result from Bremsstrahlung and characteristic line emissions when accelerated electrons
lose their kinetic energy by scattering, acceleration and recombination with other charged
particles, in free—free, free-bound, and bound-bound processes.

However, recent works have shown that the X-ray photon emission increases propor-
tionally with higher average laser power, and actual X-ray emission dose rates can cause
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serious health risks for the laser operators [9-14]. In particular, this is the case when high-
pulse repetition frequency lasers will be used in materials ablation as the X-ray emission
per pulse can accumulate to harmful X-ray photon dose over time. On the one hand, it
is verified that X-ray photon emission increases with peak intensity, pulse repetition rate,
and average laser power. On the other hand, there is clear evidence that little variations of
the operational conditions can have a considerable effect on the X-ray emission, causing
unexpected high dose levels. This is much more relevant, as a great number of parame-
ters (more than 20) have been experimentally validated as influencing factors on X-ray
emission dose level, including laser beam characteristics, processing conditions, and the
irradiated material, further mutually affecting each other. Moreover, the specific effect of
each parameter and their variations is not sufficiently investigated and understood so far,
making it difficult for the reliable assessment of the X-ray emission and safety precautions
in the operational area.

In the following, the significant impact of the pulse repetition frequency and the intra-
line pulse distance during laser beam scanning on the spectral X-ray photon flux and the
X-ray emission dose is discussed by comparing low-intensity and high-intensity ultrashort
pulses irradiating AISI 304 stainless steel. It will be shown that an unexpected high level
of X-ray emission dose rate of tens of mSv-h~! could be produced when low-intensity
pulses irradiate at 1.6 MHz pulse repetition frequency (PRF). This resulted potentially from
plasma resonance absorption as an efficient mechanism for optical energy transfer, also
yielding high X-ray emissions in the burst- and bi-burst pulse regime.

2. Materials and Methodology

All experiments were performed in a laser safety enclosure to protect the experimental
operators from potential risks and hazards arising from the powerful laser beams and X-ray
emissions. A schematic view of the laser machining setup used in this study is presented
in Figure 1.

bi-directional
LASER ON

LASER SAFETY ENCLOSURE

BEAM EXPANDER SCANNER

uni-directional

LASER OFF
......... »

LASER ON

LASER ON SAMPLE

( X Target point of X-ray measuring instruments on sample)

Figure 1. Schematic view of the laser safety enclosure including laser machining setup.

First of all, the efficacy of the enclosure material was verified by initial testing in order
to ensure reasonable assurance of the enclosure against the laser-induced X-ray emissions.
In addition, three electronic Direct lon Storage memory cells (DIS-1, Mirion Technologies
(Canberra) GmbH, Ruesselsheim, Germany) were applied as safety precautions. Two of the
X-ray badge detectors were placed at the inner and outer sides of the laser safety enclosure.
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A third one was worn by the operator throughout the experiments. The actual received
X-ray dose values were read out at the beginning and the end of each working day from the
badges. It should be mentioned here that no increase of the X-ray dose could be detected,
whether from the badges placed at the enclosure outside nor the one worn by the operator,
confirming the safe working conditions at all time.

In total, four different laser systems were employed in this study for providing a wide
range of complementary laser beam characteristics; see Table 1. The studied parameter
settings include up to 5.2 x 10 W-cm 2 peak intensity, pulse repetition frequencies in the
range between 1 and 2 MHz, maximum 72.2 W average laser power, as well as laser burst
and bi-burst processing mode. The energy of the irradiating pulses Qp was defined by the
ratio of the average laser power P,y and the pulse repetition frequency fp described by:

pﬂV
Qp = o 1)
Table 1. Summary of the laser systems and studied laser parameter settings.
Laser System Symbol Astrella FX 200 UFFL 100 Carbide
Parameter Unit Coherent Inc. ~ Edgewave GmbH AFS GmbH Light Conversion
wavelength Ainnm 800 1030 1030 1030
pulse duration Ty in fs 40 600 340 200
focus spot diameter dpge in pm 13.5 ** 30.0 *** 30.0 *** 49.7 **
pulse rep. frequency fpin MHz 04,1.0
intra-burst frequency fiB in MHz 0.001 0.2-2.0 0.51 66.7
bi-burst frequency fpp in GHz 2.3
max. average power * Pay in W 1.6 72.2 18.7 33
max. pulse energy * Qp in yJ 1600 36.1 37 82.5
max. peak power * Pyin W 4 % 1010 5.6 x 107 9.6 x 108 3.6 x 108
max. intensity * Ipin W em?2 5.2 x 10 1.6 x 10%° 2.7 x 1013 3.8 x10%3

* on target, ** LIU-plot method, ** MSM measurement.

The focus spot diameters dgs (86.5% power enclosure method) presented in Table 1
have been determined by analyzing the laser beam caustic (MSM Micro Spot Monitor,
Primes GmbH, Pfungstadt, Germany) or rather from the established semi-log plot method
of squared ablation crater diameter versus peak fluence [15].

The X-ray emission induced by the ultrashort pulsed laser irradiations was studied
on technical-grade AISI 304 stainless steel metal sheets. The chemical composition of the
alloying elements is presented in Table 2. The dimensions of the laser processed substrates
were 50 x 50 x 2 mm? in width, length, and sample thickness. In each test, the substrates
were placed on a sample holder in the focal plane with the help of an XYZ stage assembly.
Two different machining strategies were applied depending on the prevailing machinery
conditions and setups of the individual laser systems: (i) relative movements between the
laser beam and substrate by accelerating the sample in XY directions; and (ii) scanning the
laser radiation across the substrate surface via a galvanometer scan system (intelliScan 30,
Scanlab GmbH, Puchheim, Germany). As illustrated in Figure 1, the geometrical distance
of the irradiating pulses along and between the laser processed lines is defined by the
intra-line pulse distance pd (as a function of laser beam moving speed and pulse repetition
frequency) and the hatch distance Id, respectively. The laser pulse peak power P\ provided
in Table 1 for the investigated laser beams was calculated according to

P — Qp )

0
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where the pulse energy Qp is divided by the measured pulse duration Ty and by taking
into account the correction factor ¢ considering the temporal pulse shape of the respective
irradiating pulses, either being Gaussian or sech?. Following

2:P,

IO = 72/
7T - Wo 86

®)

the peak intensity Iy was calculated from the peak power and the focus spot radius wy gs.

Table 2. Chemical composition of the AISI 304 stainless steel alloying elements.

Element

C Si Mn P S Cr Ni N

Element Mass Fraction in %

0.07 1.0 2.0 0.045 0.03 17.5-19.5 8.0-10.5 0.1

Two different detector systems were used for the X-ray photon emission measure-
ments: a survey meter OD-02 (STEP Sensortechnik und Elektronik Pockau GmbH, Pockau-
Lengefeld, Germany) measuring the directional X-ray emission dose H'(0.07) and the X-ray

emission dose rate equivalent H (0.07) = dH'(0.07)/dt in the soft-radiation region above
6 keV. Additionally, a SILIX lambda detector (Ingenieurbiiro Prof. Dr.-Ing. Guenter Dittmar,
Aalen, Germany) monitored the X-ray emission spectra and X-ray emission dose rate in the
photon energy range between 2 and 20 keV. The X-ray detectors were aligned to the center
of the samples, which is indicated in Figure 1 by the target point (X). The detector’s view
was along the X-axis equivalent to the laser processing direction. The nominal detector
distance D and the detection angle « were varied with reference to the target point and
the horizontal plane. Thereby, the nominal detector distance represented a mean measure
because the detector target points were set in the center of the laser processed area. Hence,
in the detector’s view direction (X-axis), the closest point and most distant point from the
sensitive detector surface were at the start and end of a laser scanned line, and likewise the
greatest distance in the Y-direction was at the edges of the laser processed fields.

Laser beam scanning was applied either in uni-directional or bi-directional mode
depending on the specifics of the studied laser setups in terms of laser beam control and
synchronization. In uni-directional processing, the laser beam departs from the X-ray
detector, thus receiving maximum X-ray dose levels [13]. The “laser-on” duty cycle was
46% in uni-directional processing controlled by oscilloscope measurements throughout
the study. As a consequence, the monitored X-ray emissions represented less than half
of the process-relevant emission dose and were corrected (by a factor of 2.17) in order
to compare and discuss the process-typical dose rates in the following. In bi-directional
mode, by contrast, the laser beam was switched on during all the processing. Hence,
the monitored X-ray emissions represent average readings from the bi-directional laser
material processing. This is due to the fact that higher X-ray emissions have been reported
for a laser beam running away instead of moving toward the sensitive detector surface [13].

3. Results and Discussions
3.1. Effect of the Detection Angle and Detector Distance on X-ray Dose

At first, the dependencies of detector’s angle and distance on the monitored X-ray
emission dose rate were studied. This was in order to identify the optimum measuring
conditions for the assessment of X-ray emissions in the accomplished study. On the
one hand, this was encouraged, as the authors " literature review revealed a dependence
between the X-ray emission dose and the detection angle [9]. So far, a maximum X-ray
dose rate level was reported at a 30° detection angle, as investigated in the range between
10° and 40°. On the other hand, the correct detector-substrate distance is of relevance
because, firstly, the X-ray photons are absorbed in air, and secondly, to ensure that the
active detector area is homogeneously exposed by the laser-induced X-ray emissions. Both
have a great impact on the detector readings.
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H'(0.07,35°) / mSv h~2

The X-ray emissions recorded by the survey meter OD-02 and the SILIX X-ray monitor
at a 35° detector angle and different distances from the substrate can be seen in Figure 2a
at similar dose values. A fitting curve (dashed line) is included in the plot, showing the
recorded X-ray emission dose rate inversely proportional to the square of the distance
D of the detector from the substrate target point. However, at the larger distances, the
experimental data differ to a greater extent from the inverse square-root relationship
resulting from X-ray beam absorption in air. This is pointed out in Figure 2a by the modified
fitting curve (solid line) emphasizing good agreement for experimental and computed data
when the attenuation coefficient  is considered in the photon flux @, calculations

Dppot(D, A) o D27 HMP, 4

O OD-02 A SILIX jax % SILIX mean
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Figure 2. (a) OD-02 and SILIX readings of X-ray emission dose rate on AISI 304 as a function of detector distance D; the fitting
curves are representative for vacuum (dashed line) and air (solid line) ambient conditions at I = 1.6 x 10" W-cm—2 and 35°
detection angle. (b) X-ray emission dose rate as a function of detection angle for pulses of I = 5.2 x 10'® W-cm~2 at 200 mm
SILIX detector distance. (c) X-ray emission dose rate as a function of detector angle for pulses of Iy = 1.6 x 10’3 W-cm~2 at
100 mm SILIX detector distance.

Thereby, the attenuation coefficient depends strongly on the photon energy and
varies in air between 0.94 cm ™! < 11 < 6.36 x 102 cm~! for the X-ray photons between
2keV < Eppot < 20 keV [10]. The attenuation coefficients derived from the fitting curves
presented in Figure 2a amount to u = 0.05 & 0.02 em ™! (SILIX) or = 0.03 & 0.02 cm ™!
(OD-02), which is about two orders of magnitude lower than the literature data. However,
this discrepancy is not clarified yet; the steadily changing distance of the actual laser
processing zone to the detector resulting from laser beam scanning, the X-ray dose rate as
an integral measure from the X-ray photon spectrum, and measurement uncertainties for
X-ray emissions all had a great impact on the experimental data.

In addition, a significant effect of the detector angle on the X-ray emission dose rate has
been found by varying the angular orientation of the SILIX detector in the range between
7.0° < a < 51.0° with respect to the specified target point. Most likely independent from
the peak intensity, whether Iy = 5.2 x 10’ W-cm 2 (Figure 2b) or Ij = 1.6 x 10" W-cm 2
(Figure 2c), the maximum X-ray emission dose rate was detected at about 30°. It is
noteworthy that a considerably higher X-ray emission dose rate was measured for the
pulses of lower intensity, 43 mSv-h~1vs. 2.1 mSv-h1, potentially resulting from the higher
average laser power, 72.2 W vs. 1.6 W, and shorter distance of the detector from the target
point, 100 mm vs. 200 mm.
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3.2. Spectral X-ray Emission

The spectral X-ray photon flux was analyzed by placing the SILIX X-ray monitor at
a fixed 35° detection angle and 100 mm distance from the target point at the substrates.
Two representative X-ray photon emission spectra in Figure 3 verify a broad continuous
Bremsstrahlung emission in the photon energy range below 10 keV. The detected charac-
teristic line emissions can be related to the main AISI 304 alloying elements. Therefore,
as a reference, the principal K« 1.3 and Kg1.5 shell interband emissions are included in
Figure 3, such as for iron (Fe), chromium (Cr), and nickel (Ni), as provided by the NIST
database [16]. By comparing the individual characteristic lines, the photon energy peaks
of the alloying elements are slightly offset from the principal X-ray transition energies
(AEph < 0.09 keV) to higher photon energy levels being within the measurement accuracy
of the SILIX X-ray monitor.

lp=27-103Wem™2 lp=52-10"%Wem™2
112 23 3 112 23 3
E X3 [} 1 lcr 1 [} i 1 1cr
301 R 2Fe P il 2Fe 00 7
R 3 Ni BIR I 3 Ni >
N HHE 150 3
20 A | I +
1 i 1 1 | | M 1 o
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H e o F100 %
1 i 1 | g 1 =
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bt <5 U]
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Figure 3. X-ray photon flux ®p,; ata 35 detection angle and 100 mm distance for low peak intensity (a) [y = 2.7 x 1013 W-cm ™2
and high peak intensity (b) Iy = 5.2 x 10'® W-cm™2. The characteristic X-ray emission lines of the correlating AISI 304 alloying
elements are included. The recorded spectral X-ray photon distribution follows a Maxwell-Boltzmann distribution computed for
vacuum (dotted line, non-attenuated) and ambient air (dashed line including 3 o confidence interval, 100 mm distance) conditions.

The monitored Bremsstrahlung spectra represent qualitatively the energy distribution
of the X-ray photon flux at 100 mm distance and can be approximated by a Maxwell—
Boltzmann distribution [9,12] according to

__E
La e BT JE (5)
ﬂ(kBTg)

fMuxwell (E)dE =

where kg represents the Boltzmann constant, T is the electron temperature, and E is the
energy of the emitted X-ray photons.

The recorded Bremsstrahlung continuum can be seen in good correlation with the
computed X-ray emissions when considering the transmission of the X-rays through air at
ambient pressure and 100 mm distance in the Maxwell-Boltzmann modeling procedure
(Figure 3, dashed line). In addition, the non-attenuated spectrum computed for vacuum
surrounding conditions is presented (dotted line). The best fit between the empirically
observed and theoretically modeled X-ray photon distribution (in air) was obtained by
the electron temperature of either 1.18 4 0.1 keV (Figure 3a) for the low-intensity or
1.56 & 0.1 keV (Figure 3b) for the high-intensity pulses. These electron temperatures are in
good agreement with the temperatures reported elsewhere for hot electrons and respective
laser peak intensities ranging between 0.82 and 1.76 keV [9,15,17].

The averaged X-ray emission dose rate of the above given spectra was measured to
-/

H (0.07) = 1.1 & 0.2 mSv-h~! with the low peak intensity pulses (Iy = 2.7 x 10* W-cm™2),
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as shown in Figure 3a, and H,(0.07) =114 + 2.3 mSv-h~! with the high peak intensity
pulses (Ip = 5.2 x 10'® W.cm™2); see Figure 3b. However, for the high peak intensity
pulses, the X-ray emission rate was about one order of magnitude higher in spite of the
considerably lower applied average laser power (22.4 W vs. 1.6 W) and PRFs (506 kHz vs.
1 kHz). This finding proves the great impact of the laser peak power and intensity on the
X-ray emission and will be discussed more in detail in the following section.

3.3. X-ray Emission in the Low-Intensity and High-Intensity Pulse Regime

The effect of the peak intensity on the X-ray emission was investigated by recording
the X-ray photon spectra at 100 mm distance and 35° detection angle of the SILIX monitor
from the reference target point at the substrates. The peak intensity of the impinging laser
pulses was varied in the range between 8 x 10> W-cm 2 < Iy < 1.6 x 10!®* W-cm ™2 and
0.3 x 10 W-em™2 < Iy < 5.2 x 10'® W-cm™~2 that also refers to the low-intensity and
high-intensity pulse regime in the following.

A closer view to the X-ray emission spectra in Figure 4 reveals a notably higher extent of
Bremsstrahlung emissions for pulses of lower peak intensity, while the greater proportional
amount of characteristic X-ray emissions can be seen for pulses of higher intensity. The
corresponding X-ray emission dose rates were measured of H /(0.07) =389 4 4.6 mSv-h~!
for pulses of 1.6 x 10'®> W-cm~2 and H/(0.07) =114 £23mSv-h~! for 52 x 10'® W-cm—2
peak intensity. This was achieved by irradiating a laser beam of 72.2 W and 1.6 MHz (low-
intensity regime) or rather 1.6 W and 1 kHz average laser power and pulse repetition frequency
(high-intensity regime), respectively.
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Figure 4. X-ray photon flux ®py,; detected on AISI 304 in the low-intensity (a) and high-intensity pulse regime (b). The

X-ray emission spectra were recorded by using the SILIX X-ray monitor at 35° detection angle and 100 mm distance. In the
low-intensity regime, the intra-line pulse distance was varied from 0.88 um (left, center) to 5 um (left, bottom). Increasing

peak intensity is indicated by the arrow.
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The differences of the X-ray photon spectra can be attributed to the different mech-
anisms of laser plasma interaction and electron plasma heating that largely depend on
the irradiating conditions. So, pulses of lower intensity (Ip < 10'* W-cm~2) will be primar-
ily absorbed in the underdense corona region of the plasma by inverse Bremsstrahlung
absorption processes [18]. The excited electrons will be accelerated in the Coulomb field
that resulted in the emission of the Bremsstrahlung continuum. This free—free generation
of Bremsstrahlung X-ray photons is inefficent and yields only a low proportion of X-ray
photons per laser pulse. Certainly, a great amount of low-intensity pulses can induce X-rays
at a high dose level, as can be seen in Figure 4a (top) by the example of low-intensity pulses
(Io = 1.6 x 10'3 W.cm™?2) irradiated at 1.6 MHz pulse repetition frequency.

By contrast, resonance absorption is suggested as the dominant mechanism for pulses of
high peak intensity, Iy > 101> W-cm 2. This collision-less process is most efficient for parallel
polarized laser beams irradiating at a large incident angle. The laser energy will be transferred
to the electron plasma in the region of the critical plasma density, where the electron plasma
frequency is equal to the laser frequency [19]. The highly excited plasma electrons interact with
the bound electrons of the target atoms by collisional impact ionization, leaving vacant energy
levels. Nevertheless, resonance absorption might also be effective when pulses of lower peak
intensity irradiate at megahertz PRF and small spatial pulse distance. This can be supposed
from the X-ray emission spectra presented in Figure 4a (center and bottom) recorded for pulses
of the same intensity (1.6 x 10'®> W.cm~?) and PRF (1.6 MHz) but different intra-line pulse
distances varied by the laser beam moving speed. As characteristic X-ray emission lines are
clearly distinguishable in the spectra recorded at an 0.88 um intra-line pulse distance, the
Bremsstrahlung continuum is dominant at the larger 5 um intra-line pulse distance.

In addition, there is a trend toward higher X-ray photon flux when pulses of higher
peak intensity irradiate, as clearly observable in Figure 4 for the low-intensity (left) and
the high-intensity (right) pulse regime. On the one hand, the displayed spectra indicate no
significant dependence of the characteristic X-ray emissions from the iron and chromium
alloy elements from the peak intensity. On the other hand, the spectral width of the
Bremsstrahlung continuum enlarged to higher X-ray photon energy with pulses of higher
peak intensity, such as 10.0 keV or rather 12.0 keV in maximum for the low-intensity
(In=1.6 x 10"®* W-cm~2) or high-intensity (Ip = 5.2 x 10'® W-cm—2) pulse regime. Here,
too, the effect of the intra-line pulse distance on the X-ray photon emission spectrum can
be recognized in Figure 4a, showing 11.0 keV maximum X-ray photon energy at 0.88 um,
while the maximum of about 7.5 keV can be seen for the 5.0 um intra-line pulse distance.

The emitted X-ray dose per pulse (Figure 5, green data points) was derived by dividing
the monitored X-ray emission dose rate by the number of impinging pulses. In addition,
as another evaluation measure, the X-ray emission efficiency represents the X-ray dose
per pulse in relation to the applied pulse energy; see Figure 5 (blue data points). In the
low-intensity pulse regime, the X-ray dose per pulse increases exponentially with higher
peak intensity, and in the studied range, a maximal value of 6.7 pSv/pulse was measured
atIp = 1.6 x 10" W-cm~2 and fp = 1.6 MHz; see Figure 5a. This is in contrast to the
high-intensity regime, as shown in Figure 5b, where the X-ray dose per pulse increases
linearly with increasing peak intensity. Here, the determined maximum value of the X-ray
dose per pulse of 3.2 nSv/pulse is almost three orders of magnitude larger than for low-
intensity pulses. In terms of X-ray emission efficiency, Figure 5a indicates an exponential
dependence for the low-intensity regime to 150 fSv-J ~! maximum, while saturation is
given in Figure 5b of about 2.2 pSv-pJ 1.

For pulses of low peak intensity irradiated at megahertz PRF, a remarkable dependence
of the X-ray emission efficiency on the spatial pulse distance could be identified. The X-ray
dose per pulse is at a considerably lower level with a 5.0 um intra-line pulse distance under
otherwise similar processing conditions; see Figure 5a (imprint). This might be due to the
fact that the interaction of the following pulse(s) with the still prevailing laser ablation
particle/plasma plume changed dramatically depending on the lateral pulse distance. The
underlying physical effects are not clear yet; however, plasma resonance absorption was
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introduced above as a potential mechanism for the transfer of optical energy to the plasma
even when pulses of low peak intensity irradiate at high PRF. This is supported by the fact
that the angle of incidence between the incoming laser beam and the critical plasma density
layer is continually changing with time. Hence, the actual plasma density profile (affected
by the time delay between the pulses determined by the pulse repetition frequency) and
the lateral offset of the next impinging pulse determine the optimum conditions for laser
beam coupling and energy transfer to the plasma with a consequence of maximum X-ray
photon emission. This hypothesis will be tested in the ongoing study.
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Figure 5. X-ray dose per pulse (green data points) and the X-ray emission efficiency (blue data points) on AISI 304 in the
(a) low-intensity and (b) high-intensity regime. The given data were derived from the X-ray emission dose monitored by

the SILIX detector at a 35°

detection angle and 100 mm distance. The dotted lines guide the eye.

For the presented data, it should be mentioned that scaling of the X-ray dose per
pulse or X-ray emission efficiency with the irradiated pulse number and pulse intensity
can underestimate the actual emitted X-ray dose. This is due to the fact that laser plasma
and X-ray emission influencing effects are not adequately considered in the proposed
assessments [12]. For example, this includes the temporal pulse distance, geometrical pulse
distance, angle of incidence as well as surface inhomogeneity, and roughness effects that
steadily change with ongoing laser processing and scan numbers, and all of them mutually
reinforce each other. To underline this, a more detailed view on the particular effect of the
geometrical and temporal distance between the irradiating pulses on X-ray emission is
provided in the following sections.

3.4. Effect of Intra-Line Pulse Distance on X-ray Emission in the Low-Intensity Pulse Regime

A remarkable influence of the intra-line distance between the impinging ultrashort
laser pulses on X-ray emission has already been reported for tungsten studied with PRFs
in the range between 50 kHz < PRF < 400 kHz [10]. Pronounced X-ray emission maxima
and minima have been detected where the amplitude of the X-ray doses varied by a factor
up to two depending on the spatial distance of the next impinging pulse. These previous
findings are supported by the results of our study as a greater effect of the intra-line pulse
distance on X-ray emission was measured for AISI 304 irradiated with low-intensity pulses
of Ip = 1.6 x 10"® W-cm~2 at 1.6 MHz PRF (Figure 6a). The intra-line pulse distance was
varied between 0.5 um < pd < 6.5 pm by adjusting the laser beam moving speed from 0.8
to 104 m-s~ 1.
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./
The highest X-ray emission dose rate was measured of H (0.07) = 44.9 mSv-h~!
at 0.88 um intra-line pulse distance. At smaller or larger intra-line pulse distances, the

-/
maximum X-ray emission dose reduced significantly to H (0.07) = 18.3 mSv-h! at 0.5 um

or rather Hl(0.07) =3.8mSv-h~! at 6.5 um, respectively.

For tungsten, it is reported in the literature that the X-ray emission maxima and
minima resulted from multi-beam reflections at the sidewalls of the ablated grooves [10],
which (influenced by the intra-line pulse distance) originated with different micro groove
wall angles. Here, in our study on AISI 304, a substantial effect of the surface topography
on the X-ray emission dose can largely be ruled out. This is because the pronounced
X-ray emission maximum at 0.88 pum intra-line pulse distance could also be confirmed
for different surface topographies (not presented here), such as those produced with the
intra-line pulse distances specifically addressed in Figure 6a. A more likely explanation for
the observed great X-ray emission at small intra-line pulse distance is a strong interaction of
the next irradiating pulses with the still existent laser ablated plasma/nanoparticle plume.
As a matter of fact, an evident laser plasma/nanoparticle ablation plume has been verified
in pump-probe shadowgraph analyses for the times 0.5-1.0 us after pulse irradiation [20].
These time intervals correlate very well to the time domain of 1.6 MHz repetitive pulses
presented in Figure 6.

This can be linked to the effect of the intra-line pulse distance on X-ray emission, as
the geometrical spacing defines the angle of incidence for the next impinging laser pulse in
relation to the flank of the apparent laser ablation plume; see Figure 7.

? threshold

/ intensity

critical plasma
density layer

Figure 7. Schematic view on the effect of the intra-line pulse distance pd on the angle of incident of
the laser beam « with respect to the flank of the critical plasma density layer.
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Nevertheless, the laser ablation plume is on a much larger dimension than the very
little intra-line pulse distance of only a few micro meters, showing the greatest impact on
X-ray emission in Figure 6. Therefore, on the one hand, a reasonable explanation might be
that an efficient laser pulse with plasma interaction takes place close to the solid density
state [21]. On the other hand, up to 80% absorption levels were reported for p-polarized
laser beams under striking incidence at steep plasma density profiles by collision-less
resonance absorption mechanisms [21]. Highly excited plasma states and steep plasma
density gradients emerge in regions of intense laser excitation at the highest laser peak
intensity being in the narrow center of the Gaussian laser beam. So, it is obvious that
the effective cross-section area of the high-intensity center part of the laser beam with the
critical plasma layer is considerably smaller than the interaction area of the laser beam
with the induced plasma/nanoparticle plume. Hence, a variation of a few micrometers of
the intra-line pulse distance changes the position of the next irradiating pulse on the flank
of the critical plasma layer. In fact, it has been demonstrated so far that plasma resonance
absorption is very sensitive to the specific conditions of the resonant field near the critical
density surface [22]. From this, it becomes clear that the distance of the next following
pulse from the critical plasma density layer could significantly affect the incident angle of
the laser beam relative to the critical plasma layer flank, in turn, with a high impact on the
laser plasma resonance absorption and thus optical energy transfer.

However, additional collision-less absorption processes have been identified so far
for intense laser pulses interacting with overdense plasma; for example, sheath inverse
Bremsstrahlung [23], non-linear mechanisms [24] or anharmonic resonance effects [25].
These absorbing processes depend strongly on the angle of incident and the polarization
of the incident laser beam and cannot be ruled out to have an effect on the X-ray photon
emissions detected in this study.

The higher level of X-ray emission at the smaller intra-line pulse distances is also
confirmed by the X-ray emission spectra presented in Figure 6b. It can be seen that X-ray
emission is dominated by the Bremsstrahlung continuum at the larger intra-line pulse
distance between 2 um < pd < 6.5 um, while characteristic X-ray emission and increased
X-ray photon flux is obvious for the smaller intra-line pulse distance ranging between
0.5 um < pd < 1.0 pm.

The highest X-ray photon yield and most prominent characteristic line emission were
measured for pulses of 0.75 um and 0.88 pum intra-line pulse distance corresponding to
the position of highest X-ray dose rate in Figure 6b. In addition, the spectral width of the
monitored X-ray photon fields enlarged to higher energy with pulses of smaller intra-line
pulse distance. In fact, 8.0 keV maximum photon energy was detected at a 5 um intra-line
pulse distance compared to 11.0 keV at 0.88 pm, respectively. These enlarged X-ray spectra
indicate even for the low-intensity pulses irradiated at small intra-line pulse distance
a higher degree of plasma ionization and, therefore, a more-efficient coupling of the
irradiating low-intensity ultrashort pulses. This is supported by the fact that the enlarged
X-ray photon spectra of Figure 6b could be observed similar to the ones shown above in
Figure 4 for higher electron temperatures induced by high-intensity pulse irradiations. As
a consequence, regarding dependency on the applied intra-line pulse distance, a change of
the underlying coupling mechanisms can be supposed for the low-intense pulse regime,
thus from inverse Bremsstrahlung absorption at a larger intra-line pulse distance to high-
efficient optical energy transfer by plasma resonance absorption for the smaller ones.
However, the underlying physical principles for the strong impact of the intra-line pulse
distance causing up to 12-fold enhanced X-ray emissions even in case of low-intensity
ultrashort pulses could not be clarified so far. Even though the interaction of the next
following laser pulse(s) with the still apparent laser ablated nanoparticle plume at 1.6 MHz
time scale could be a potential effect for the observed higher X-ray emissions. This was not
considered yet, but evidence therefore can be found in the literature reporting on enhanced
X-ray emissions from nanoparticles irradiated by ultrashort laser pulses [26,27].
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3.5. Effect of the Temporal Pulse Distance on X-ray Emission in the Low-Intensity Pulse Regime

It becomes obvious that the temporal delay between the pulses will also affect X-ray
emission when considering plasma resonance absorption as the dominant optical transfer
mechanism for low-intensity pulses [28]. As already stated above, this is due to the fact
that the actual shape of both the laser ablation plume and the critical plasma density layer
is continuously changing with time. From this, it can be supposed that the impinging
ultrashort pulses will meet different conditions in the interaction cross-section, depending
on the inter-pulse delay defined by the PRE. Hence, the operating plasma density and
actual flank angle are directly affected by the PREF, in turn, having an immediate impact on
the optical energy transfer and further on X-ray photon yield.

With increasing PRF, which corresponds to shorter temporal inter-pulse delays, the
X-ray photon emission increases to maximum level, as can be seen in Figure 8 for pulses of
Ip = 1.6 x 10'®* W-cm~2 irradiated at PRFs in the range of 1.6 MHz. A further increase of
the applied PRF to 2 MHz caused a prompt drop of the X-ray photon yield. Here, too, a
considerable impact of the intra-line pulse distance is recognizable when comparing the
maximum X-ray dose rates presented in Figure 8a,c. Ata 5.0 um intra-line pulse distance,

the maximum X-ray dose rate was measured of H/(0.07) = 4.6 mSv-h™!, while 8-fold

higher X-ray emissions of H /(0.07) = 37.7 mSv-h ! were detected at 0.88 um, respectively.
In addition, a significant difference of the X-ray emission characteristic can be seen in
the corresponding X-ray photon spectra pointed out in Figure 8b,d. The X-ray photon
spectra recorded at 5.0 um intra-line pulse distance are characterized by broad continuous
Bremsstrahlung emission in the photon energy range below 8 keV; see Figure 8b. At
0.88 pum in Figure 8d, by contrast, the X-ray photon spectra enlarged to 12 keV photon
energy featured by dominant peaks of the characteristic X-ray emission lines. These results
confirm the aforementioned change of the energy transfer mechanisms in the low-intense
pulse regime from inverse Bremsstrahlung absorption to plasma resonance absorption.
Thus, a strong influence of the actual conditions of the laser ablated plasma/nanoparticle
plume on the effective laser beam absorption mechanism is suggested, which depends on
both the temporal and spatial inter-pulse distance.
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Figure 8. Effect of the pulse repetition frequency on X-ray emissions in the low-intensity pulse regime. Two intra-line pulse
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3.6. X-ray Emissions in the Burst and Burst-in-Burst Laser Pulse Regime

Laser pulse train processing in the burst and burst-in-burst (bi-burst) regime offers
more flexibility to adjust and tailor optical energy deposition into the material. This is
mainly due to the fact that the optical energy of a single irradiation event (burst) is divided
by the number of individual pulses within the laser burst, while in the bi-burst regime,
the individual pulses were further separated in sub-pulses. In the burst regime applied
here, the time delay between the individual pulses within the burst was 15 ns and between
the burst sub-pulses in the bi-burst regime was 440 ps, respectively. Two burst repetition
frequencies were studied: PFRp = 400 kHz and 1 MHz in bi-directional processing.

Initial studies on the burst mode in laser material processing showed a considerable
drop of the material removal rate for each second irradiating pulse, especially when the
next-following pulse was delayed to the previous one in the ten-nanosecond time do-
main [29]. Therefore, a reasonable explanation is the interaction of the second, fourth, sixth
(and so on) intra-burst pulse with the ablation plasma/nanoparticle plume induced by
the preceding pulse(s). Corresponding to the differences in material removal, a variance
can also be observed for the X-ray emissions in the burst-mode regime monitored at a 35°
detection angle and 100 mm distance between the substrate and SILIX detector; see Figure 9.
For reference, the spectral X-ray photon flux and X-ray emission dose rate for 200 fs pulses
of Iy = 3.8 x 1013 W.cm~2 applied in the single pulse (1-pulse burst) regime is presented
in Figure 9a. At 400 kHz PRF, the full available power P,y = 33.0 W of the burst-mode
laser was irradiated by repeated crossing (bi-directional, up to 5 scans) the substrate at
0.4 m-s~! laser beam moving speed and a corresponding 1 pm intra-line pulse distance.
The given X-ray emission spectra with a maximum of 12.5 keV photon energy are featured
by distinct characteristic X-ray emission lines, and the Bremsstrahlung photon yield is

relatively low. For the first scan crossing, the X-ray emission dose rate was measured to
- !

H (0.07) = 0.6 = 0.2 mSv-h L. This yields about 15 uSv-h~'-W~! and is in the range of
the dose rate levels presented above in Figure 8c for pulses at similar PRF (450 kHz) but
longer pulse duration (600 fs instead of 200 fs). With ongoing processing, initially,

the X-ray emission dose rate increased significantly in the second scan to
-/

H (0.07) = 10.8 = 2.0 mSv-h ™! maximum. While in the further course of scanning, the X-
ray emission reduced steadily to lower levels measured in the fifth scan of

H'(0.07) = 1.4+ 0.3 mSv-h .

For two individual pulses in the laser burst (two-pulse burst in Figure 9b), a consider-
ably higher amount of Bremsstrahlung emission was detected. This is potentially arising
from the highly excited electron field induced by strong laser pulse with plasma interaction
in the time domain of 15 ns, resulting in almost four-fold higher X-ray emissions than in the
single pulse regime. It is noteworthy that such a high level of X-ray emission occurred with
intra-burst pulses of half of the intensity of the single pulses (one-pulse burst, Figure 9a),
because the impinging optical energy of the irradiation event is divided by the number
of individual pulses in the two-pulse burst. By comparing these X-ray emissions with
dose rates from pulses of similar intensity and PRF in Figure 8c, a major growth from
12.5 uSv-h~1-W! for single pulses to 1120 uSv-h~!-W~ in the two-pulse burst regime can
be recognized. These results confirm the strong plasma plume interaction in the laser burst
regime with further evidence on plasma resonance absorption as the dominant energy
transfer mechanism for pulses irradiating with very short time delay.

For a three-pulse burst, as shown in Figure 9¢, the X-ray emission dose and Bremsstrahlung
continuum originated somewhat in between single pulses and two-pulse burst irradiations. In
this irradiation regime, the intensity of the individual intra-burst pulses reduced to one-third
from the single pulses. With a higher number of pulses in a burst, the X-ray dose rates were
found in the range of single pulses or below. This is exemplified in Figure 9d for laser bursts
consisting of four intra-pulses. Accordingly, the intensity of the individual pulses reduced by a
factor of four, which might be the reason for the Bremsstrahlung dominated X-ray emission
spectra of low photon energy ranging between 2 and 7.5 keV.
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Figure 9. X-ray emission in the laser burst processing regime at a 400 kHz burst repetition frequency monitored at 100 mm
distance, 35° detection angle, and five individual scans across the substrate. The intra-burst pulse number was varied
between 1 (a) and 4 (d). The spectral X-ray photon flux and X-ray emission dose rate (a-d) as well as the X-ray dose per
pulse (e-h) are presented for increasing number of scan crossings.

For single-pulse processing at PRF = 1.0 MHz and P,, = 33.0 W average laser power,
no X-ray emission could be detected, which might be due to the fact that the respective peak
intensity Iy = 1.6 x 10'®> W-cm~2 of the impinging pulses was too close to the threshold for
X-ray photons generation on AISI 304. The observation is a bit in contrast to Figure 5, where
the emission of X-ray photons can be seen for intensities even below of Iy = 1.0 x 10* W.cm~2.
However, this was achieved with pulses of 600 fs duration, while the pulse duration of the
burst-mode laser presented here was 200 fs, which will also affect X-ray photon emission and
equivalent dose rates.

However, a significant enhancement of the X-ray emission dose rate accompanied by
pronounced characteristic X-ray emissions were detected for laser bursts irradiating at a
1.0 MHz burst repetition frequency and corresponding lower peak intensity of the intra-burst

pulses. The maximum X-ray emissions were measured to H ,(0,07) =328+3.6mSv-h~! (3rd

scan) with the two-pulse burst and H/(0.07) =141+ 1.6 mSv-h ! (2nd scan) with the three-
pulse burst; see Figure 10a,b. AISI 304 processing with a higher number of intra-burst pulses
yields much lower X-ray emissions, and the dominant Bremsstrahlung continuum shifted to
X-ray photon energies below 7.5 keV, as can be seen in Figure 10d for the six-pulse bursts.
Another separation of the pulses in the bi-burst regime showed no further X-ray
emission enhancement in the studied parameter range. For example, the X-ray emission

dose rate was in the range between 0.6 mSv-h~! < H,(0.07) <0.8 mSv-h~! for a two-sub-
pulse bi-burst of 440 ps inter-pulse delay at 400 kHz PRFg and 33.0 W average laser power,
as shown in Figure 11a. By irradiating two sub-pulses in a two-pulse burst processing
scenario, such as shown in Figure 11b, the X-ray emission dose rate increased significantly

to H/(0.07) = 30.0 + 1.2 mSv-h~! maximum level, even when the peak intensity of the
operating sub-pulses reduced to a quarter of the original single pulses below Iy = 1.0 x
10" W-cm~2. However, with a higher number of pulses within the burst and bi-burst
pulse train, the X-ray emission reduced to a lower value, which is mainly attributed to the
corresponding lower peak intensity of the sub-pulses limited by the maximum energy of a
laser burst; see Figure 11c¢,d.
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Figure 10. X-ray emission in the laser burst processing regime at 1.0 MHz burst repetition frequency monitored at 100 mm
distance, 35° detection angle, and five individual scans across the substrate. The intra-burst pulse number was varied
between 2 (a) and 6 (d). The spectral X-ray photon flux and X-ray emission dose rate (a—d) as well as the X-ray dose per
pulse (e-h) are presented for an increasing number of scan crossings.
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Figure 11. X-ray emissions in the laser bi-burst processing regime with notable X-ray dose rates at 400 kHz burst repetition
frequency at 100 mm distance, 35° detection angle, and five individual scans across the substrate. The graphs display the
high influence of the second MHz-burst pulse (two-pulse burst) with GHz bi-bursts (2-4 (b—d)) in contrast to the GHz
bi-burst (a). The peak intensity of the sub-pulses was Iy = 1.9/0.95/0.63/0.48 x 10'* W-cm~2 The spectral X-ray photon
flux and X-ray emission dose rate (a-d) as well as the X-ray dose per pulse (e-h) are presented for increasing number of
scan crossings.
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However, these initial results obtained in the burst and bi-burst processing regime
emphasize the great influence of laser pulse with plasma interaction for X-ray photon
generation. In particular, the second intra-burst pulse is of great importance, causing
strong enhancement of the X-ray emission dose rate. This will be proved in the ongoing
study even for the case of ultrashort pulses in GHz-pulse trains at hundreds of Watts
average laser power.

4. Summary and Main Conclusions

The presented study on laser-induced X-ray emissions on technical-grade AISI 304 stain-
less steel provides an overview on the laser processing under different conditions and
parameter variations affecting the spectral X-ray photon flux and X-ray emission dose rate.
In total, four different ultrashort pulse laser systems were applied providing complementary
laser beam characteristics, including pulse peak intensities between 8 x 10> W-cm~2 <
Ip <52 x 10'® W-cm~2, 2.0 MHz maximum PREF, up to 72.2 W average laser power as
well as burst and bi-burst processing mode. The findings of this study confirm the general
trend toward higher X-ray photon emission for pulses of higher peak intensity. Thereby, the
monitored X-ray photon emissions are in good agreement with data reported previously by
other groups; see Figure 12. The presented efficient X-ray emission dose rates were calculated
from the X-ray emission dose rates monitored at 100 mm distance and 35° detection angle
divided by the applied average laser power.
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Figure 12. Summary of efficient X-ray emission dose rates as a function of peak intensity for different process regimes
and laser systems. FX 200 (fp = 1.6 MHz, Id = 0.88 um); UFFL 100 (fp = 506 kHz, Id = 0.88 um); Astrella (fp = 1 kHz,
Id = 20 pm); [30] provided data recalculated for 100 mm detector distance, [31] provided data recalculated for 100 mm
detector distance.

However, an unexpected high level of X-ray photon emission dominated by broad
Bremsstrahlung emission could be detected for low-intensity pulses irradiation under spe-

cific processing conditions. For example, a maximum X-ray emission dose rate
-/

H (0.07) = 41.3 + 2.8 mSv-h~! and 0.4 mSv-h~!-W~! corresponding to an effective X-
ray emission dose were detected for pulses of Iy = 1.6 x 10'> W-cm~2 irradiated at 1.6 MHz
PREF, 0.88 um intra-line pulse distance, and 65 W average laser power. Therefore, a strong
interaction of the next laser pulse(s) with the still apparent nanoparticle/plasma plume in-
duced by preceding laser pulse ablations is suggested. As a consequence, plasma resonance
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absorption and effective electron plasma heating dominates the optical energy transfer,
yielding broad Bremsstrahlung emission from the highly excited electron field. As a result,
a considerable amount of X-ray photon emission could be detected even for low-intensity
pulses at peak intensities considerably below the threshold value known so far. In summary,
the following main conclusions can be stated on the basis of the presented results:

1.  X-ray photon emission per pulse increases exponentially with peak intensity in the
low-intense pulse regime (I < 1.6 x 10'®> W-cm~2) and is on linear growth with
high-intensity pulses (Iy > 10'® W-cm~2);

2. Unexpected high X-ray emission dose rates (H/(0.07) > 45 mSv-h~!) are achieved
when low-intensity pulses irradiate at a small intra-line pulse distance and mega-
hertz pulse repetition frequency (1.6 x 103 W-cm~2, 1.6 MHz, 0.88 pum intra-line
pulse distance);

3. Resonance plasma absorption and strong electron plasma heating are suggested as
underlying process for highly excited electron fields yielding broad Bremsstrahlung
spectra up to 12.5 keV X-ray photon energies and pronounced characteristic X-ray
emission lines;

4. Within burst and bi-burst pulse trains, in particular, the second intra-burst pulses
enhance significantly the X-ray emission dose rate that is potentially induced by
strong laser pulse with plasma interaction.

With regard to kW-class ultrashort pulses lasers in materials processing, this unwanted
X-ray emission can accumulate to harmful X-ray dose levels. In order to enhance the
knowledge in this field, our actual research work is focused on high-average power lasers as
well as megahertz PRF and burst-mode laser beams in order to understand and determine
the dependencies of the characteristic laser beam properties on X-ray emission. Another
future challenge is to develop and provide effective X-ray protection strategies, which is a
mandatory prerequisite to pave the way for ultrashort pulse lasers as a powerful tool in
modern micro fabrication.
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Abstract: Ultrashort pulse laser machining is subject to increase the processing speeds by scaling
average power and pulse repetition rate, accompanied with higher dose rates of X-ray emission
generated during laser—matter interaction. In particular, the X-ray energy range below 10 keV is
rarely studied in a quantitative approach. We present measurements with a novel calibrated X-ray
detector in the detection range of 2-20 keV and show the dependence of X-ray radiation dose rates
and the spectral emissions for different laser parameters from frequently used metals, alloys, and
ceramics for ultrafast laser machining. Our investigations include the dose rate dependence on
various laser parameters available in ultrafast laser laboratories as well as on industrial laser systems.
The measured X-ray dose rates for high repetition rate lasers with different materials definitely
exceed the legal limitations in the absence of radiation shielding.

Keywords: X-ray emission; micromachining; dose rate; X-ray spectrum; ultrafast laser

1. Introduction

Since the late 1960s, laser has evolved from a laboratory curiosity to a sophisticated
industrial tool. Today, the peak-intensity of high-power laser systems can be used in a con-
trolled way to serve as a machining tool for many metallurgical applications, e.g., welding,
cutting, drilling, and surface hardening [1]. The main advantage of laser machining is that
it generates a higher quality product with minimal deformations or damage at a faster rate,
which is a critical manufacturing need [2].

Recently, it has been demonstrated that ultrashort laser machining can be accom-
panied with an X-ray radiation at high repetition rates, if the peak intensity exceeds
1013 W/cm? [3-6]. Industrial laser sources used for materials processing typically have
pulse durations in the range of pico- to femtoseconds. With these pulse durations, it is
straight-forward to generate the above-mentioned intensity. With such high laser inten-
sity, the electron temperatures in the produced plasma approach several keV, resulting in
bremsstrahlung emissions in the keV X-ray regime [7]. The laser energy transferred to a
plasma electron, depends on the mechanism dominating the laser plasma interaction. If the
kinetic energy of the plasma electrons becomes high enough, characteristic X-ray radiation
can also be generated.
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In recent publications, it has been shown that during ultrafast laser machining at high
repetition rates of several 100 kHz, the amount of emitted X-ray radiation can exceed the
regulatory exposure limits for members of the public [8]. Low X-ray doses per pulse can
accumulate through high repetition rates and exceed radiation protection limits. Therefore,
a detailed study of the influence of laser and the material parameters used for measuring the
X-ray dose rate is crucial to assess appropriate safety measures. Legall et al. [9] measured
the spectral X-ray emission and dose rates (F'(0.07)) for different target materials using
an ultrashort-pulse laser up to maximum peak intensity 2.6 x 10" W/cm?. They showed
that the unwanted emission of X-ray radiation during ultrashort pulse laser processing
of materials in air is commonly observed. These results were confirmed by Behrens
et al. (2019) under similar experimental conditions [10]. Also, an analytical model was
recently presented by Weber et al. (2019) to estimate the expected X-ray dose when laser
machining with ultrashort-pulse lasers under industrial conditions up to an intensity
7 x 10" W/cm? [4].

On the other hand, no work has been published for the X-ray emission during indus-
trial machining, in the moderate intensity regime of 1014-10'® W /cm? with high repetition
rate lasers. One of the reasons is that until now there are no commonly available spec-
trometer with an immediate readout for measuring dose rates with high sensitivity. X-ray
emission ranging from a few eV to about 10 keV occurs when processing most of the mate-
rials such as stainless steel, copper, various alloys, and ceramics [10]. This X-ray radiation
can cause skin cancer hence, this emission range requires more attention. In this paper,
we investigate the X-ray emission from different alloys, metals, and ceramics with two
high repetition rate lasers. We use a novel calibrated X-ray detector for the measurements
which provides a high sensitivity over 2-20 keV range. Experimental methods employed
for the determination of the dose rates and the spectral analysis of the different alloys,
metals and ceramics is presented. We also compare the dosimeter OD-02 with the novel
spectrodosimeter Silix lambda (engineering office Prof. Dr.-Ing. Giinter Dittmar) under
identical experimental conditions.

2. Materials and Methods
2.1. Optical Setup

The experiments are performed using two different laser systems with parameters
noted in Table 1. The laser beam is focused onto the sample by means of a plano-convex
lens/f-theta scanning objective with a focal length of 60 mm. The angle of incidence
of the laser beam is perpendicular to the sample plane. The laser intensity varies from
1013-10'® W/cm?. The average power of the pulse is simultaneously measured at one arm
from a beam splitter.

Table 1. Laser parameters used during micromachining.

Laser Parameter KMLabs Dragon Coherent Monaco
Wavelength 800 nm 1035 nm
Rep. rate 1kHz 755 kHz
Pulse energy 1mJ 72 uJ
Avg. power 1w 54 W
Pulse duration 35fs 350 fs
Focus diameter (1/e?) 12 £2 pm 22 2 um
Rayleigh length 0.2 mm 0.4 mm
Scanning speed 1.3 mm/s 1000 mm/s
Pulse overlap 10.7 pm 20.7 um
Polarization Linear Linear
Beam profile Gaussian Gaussian
Angle of incidence Perpendicular Perpendicular
Scanning pattern 20 Spirals 20 Spirals
Scanning time 49s 49s
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For our measurements we use different metals like titanium, molybdenum, iron,
coppert, nickel, zinc, and tungsten. In addition, we process ceramics like ZrO,, Si3Ny, and
Al,O3. Moreover, brass, stainless steel, NiCuZn, and NiCrFe alloys have been exposed
to intense laser radiation. The percentage composition of alloys can be found in Table 2.
The sample is positioned using a motorized three axis stage which is used for ultrafast
machining in laboratories for the 1 kHz system and a scanner for the 755 kHz system
(Figure 1). To exclude polarization dependence, a spiral with a line spacing of 30 um is
written. The minimum inner diameter is 1 mm. The laser turned-on time is 2.45 s per spiral
and turned off for 4 ms during going back to start position. The outer diameter was chosen
depending on the repetition rate so that the total duration of the writing process is about
49 s. The distance between pulse to pulse is 1.3 um for both lasers.

Table 2. List of alloys and its percentage of compositions used for the micromachining.

CuZn Cu 58% Zn 39% Pb 3%
NiCuZn Cu 47-64% Ni 10-25% Zn 15-42%

NiCrFe Ni 72-76% Cr 18-21% Fe 5%
Steel 1.4310 Fe 70-77% Cr 16-19% Ni 6-9.5%

Two different detectors are used for the local dose rate (H'(0.07)) measurements. A
calibrated compact portable ion chamber dosimeter (STEP OD-02, PTW Freiburg, Freiburg
im Breisgau, Germany) is used for skin dose measurements H’(0.07) at a distance of 150 mm
from the processing point at an angle of 45° with respect to the laser line. At the same time,
we use a calibrated spectrodosimeter Silix lambda, with the same measurement distance
and angle, to obtain the X-ray spectral and dose rate information. The detailed description
of this calibrated X-ray detector is given in the next section.

Figure 2 depicts the typical appearance of the material surface after processing of 20
spirals with the 755 kHz laser system with an irradiation of 4.2 + 10'* W/cm?. It should be
noted that during this experiment the laser parameters are not optimized for surface quality.
Due to high pulse overlap and high average power heat the surface shows formation of
resolidified material, indicating that heat accumulation occurred during the laser process.
No predominant directional structures are observed in any sample.

M2 M3

5 mm

Silix lambda

M,-Plate  BS

M1

Powermeter

Figure 1. The schematic experimental setup is shown here. M1, M2, M3—Dielectric mirrors; L1—
Plano-convex lens (f = 60 mm); BS—beam splitter. The schematic image of the spiral patterning on
the material formed during the laser micromachining is shown in the left top. A power meter is used
to verify the laser power used for the laser processing.
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@) B T (b

Figure 2. Shown is (a) the spiral after laser processing by the Coherent Monaco laser at 4.2 x 1

014

W/cm?, (b) a detailed view from the structure.

2.2. Silix Lambda X-ray Spectrodosimeter

The Silix spectrodosimeter is especially developed by the engineering office Prof.
Dr.-Ing. Giinter Dittmar for measuring X-ray radiation during material processing with
ultrashort pulse lasers and to evaluate the X-ray emission with a spectral resolution of
0.08 keV. The Silix spectrodosimeter is calibrated on a reference radiation source of the
Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig, Germany using compara-
tive measurements with standardized X-ray spectra.

The working principle of this spectroradiometer is based on the photoelectric effect to
detect X-rays. The sensor is a silicon image chip with up to 8 million pixels. The pulsed
X-ray radiation generates electrical charge carriers in the silicon chip, which are evaluated
by a fast microcontroller. When an image pixel is hit by an X-ray photon, a small current is
generated. The greater the energy of the X-ray photon, the greater the photocurrent. Special
signal processing separates the photocurrent from interference currents. A new feature is
the patented self-monitoring of the device in order to guarantee the proper functioning
of the Silix X-ray detector. The equivalent dose rates relevant for radiation protection are
calculated internally in the device:

e Directional dose equivalent rate for the skin H'(0.07).
e Directional dose equivalent rate for the eyes H'(3).
e  Ambient dose equivalent rate H*(10).

The energy spectrum of the photon irradiance is recorded in 235 channels ranging
from 2-20 keV. It is stored and displayed as a curve with a unit of photons (keV cm? s). For
measurement at very low irradiances (small dose rate), any number of individual spectra
can be averaged. In this way, at photon energies between 2-10 keV—the most important
range for laser-induced ionising radiation—dose rates as low as about 0.1 uSv/h can be
displayed. In the range of up to 45°, the angular dependence of the measurement signal
deviates less than 5% from the cosine function. The measuring sensor has an area of 0.1 cm?
and thus enables homogeneous irradiation even at a very short distance of about 2 cm to
the point of impact of the laser beam. With these features, the Silix lambda X-ray monitor
can also be used in safety-critical monitoring tasks for laser processing applications.

3. Results and Discussion

The mechanism generating X-rays during ultrafast laser interaction with materials
has been described elsewhere [3,4,8]. Under experimental conditions, high-kinetic-energy
electrons would directly collide against electrons in atoms inner shell orbitals, result-
ing in the emission of characteristic lines for e.g., k-o;, k-f3 line emissions along with a
bremsstrahlung mechanism. The X-ray photon flux generated from the laser produced
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plasma strongly depends on the number of laser photons absorbed. This X-ray photon flux
depends on two factors: the initial interaction of material with the laser and subsequent
plasma electron heating [11]. Thus, X-ray generation is strongly dependent on laser and
material parameters.

Here, we investigate the X-ray emission during ultrashort pulse laser machining of
materials which are commonly used in scientific laboratories and laser-based fabrication
industries. The intensity is varied in the experiment by rotating a half wave plate in the
optical beam path. The results of these experiments are presented in the following sections.

3.1. Dose Rates

The maximum X-ray local dose rates measured for the Monaco (Coherent Inc., Santa
Clara, CA, USA) and Dragon (KMLabs, Boulder, CO, USA) lasers in mSv/h as a func-
tion of the laser peak intensity using the OD-02 is shown in Figure 3. For the dose rate
measurements, three ceramics (Al,O3, Si3Ny, ZrOy), four alloys (brass, steel, nickel brass,
NiCrFe) and three metals (titanium, molybdenum, and tungsten) are used with the two
laser systems.

In the case of the Coherent Monaco laser system, the dose rate increases with the
laser intensity for all materials. Thus, the dose rate reaches 1 Sv/h at the maximum laser
intensity.

This corresponds to a maximum X-ray dose per laser pulse of about 0.37 nSv. At
an intensity of 4.2 x 10'* W/cm?, Iron and Molybdenum show the highest dose rate for
metals. Among alloys, the highest dose rate is observed in NiCrFe and among ceramics
in SizNy. We notice a power dependence for the dose rate with the laser peak intensity
H'(0.07) o I°.

The maximum dose rate for the KMLabs Dragon 1 kHz system is of 0.3 mSv/h which is
significantly lower in comparison with the Coherent Monaco laser. This is about 22% of the
dose per laser pulse (0.08 nSv) compared to the 755 kHz system. Despite the higher pulse
energy of the KMLabs Dragon laser, we obtained a 4.6 x higher dose rate from the Coherent
Monaco. Several parameters—such as central wavelength, pulse duration, spot size, and
multi-pulse effects—contribute to this difference in X-ray dose rate. In particular, the bigger
focal diameter of the Coherent Monaco laser leads to a 3.4 x larger illuminated area on
the surface, while the longer wavelength allows for higher accelerations of the electrons
in the plasma and thus contributes to the increase in dose rate. These two parameters
could be primarily responsible for such difference in the dose rate measured [12]. Laser
absorption to the material has a direct dependence over the wavelength of the laser. If the
wavelength is low, the conversion efficiencies of laser photons to the plasma is reduced and
it effectively reduces the X-ray dose rates [13]. The material properties have an influence
on the conversion efficiency and thus on the resulting dose rate. Additionally, the high
repetition rate of the Coherent Monaco laser system may contribute to the higher dose per
pulse compared to the 1 kHz system. At high repetition rates heat accumulation in the
material can reduce ablation thresholds [14] and increase material removal rates [15]. On
the other hand, Konig et al. [16] have observed that hot material ejected by laser ablation of
metals can be present up to several microseconds after the laser pulse. In [16] it is concluded
that the material plume possibly consists of metal vapor and droplets which may lead
to shielding effects at a repetition rate of some hundreds of kHz and beyond. Thus, it is
likely that in our experiments with the 755 kHz laser system particle shielding is present
and plasma shielding cannot be completely ruled out. Coupling a considerable amount
of laser energy into a particle cloud or plasma of previous ablation events may contribute
to an even stronger X-ray emission compared to low repetition rate laser ablation. When
processing materials with the KMLabs Dragon laser, Copper has the highest dose rate for
metals compared to the Coherent Monaco laser, while NiCrFe has the highest dose rate
for alloys.
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Figure 3. Measured dose rates H'(0.07) in dependence on the different target material and the incident laser peak intensity

listed as: (a) Brass, and NiCuZn alloy and its composition metals Ni, Cu, and Zn are investigated using the ionization

chamber dosimeter OD-02 at a distance of 150 mm from the interaction zone in air. The laser intensity was varied between
5 x 10'% and 5 x 10'® W/cm? by tuning the laser pulse energy for two different lasers. (b) NiCrFe and stainless steel alloys
and its composition metals as well as W, Mo, and Ti are plotted in the same experimental conditions.

To understand the physical process of X-ray generation in laser materials process-
ing, the fundamental mechanisms that result in X-ray generation during laser-plasma
interaction must be studied. Two different mechanisms are needed to be considered for
the generation of X-rays in the intensity range of 1012-10'® W/cm?, namely collisional
absorption and collisional less absorption [17-19]. The plasma is heated via ‘collisional” ab-
sorption (inverse bremsstrahlung), in which electrons disperse the kinetic energy absorbed
from the laser radiation field through collisions with other electrons and ions in the plasma.
Through this mechanism, hot electrons are generated and these electrons decelerate in
the vicinity of ions and produce bremsstrahlung X-rays. These hot electrons produced in
the plasma scale with intensity via inverse bremsstrahlung, and this ultimately results in
higher X-ray emission and dose rates which is given by, Ty, « (IA2)* with T}, hot electron
temperature, I, A intensity and wavelength of the laser, respectively [20].

It is commonly accepted, that at intensities below 10'> W /cm? collisional absorption
dominates the laser plasma interaction [17-19]. In this regime, the X-ray dose rate is
power dependent on the intensity. However, for an intensity regime above 10'> W/cm?,
a mechanism where the laser electric field resonantly excites plasma waves, close to
the surface of the over-dense plasma region, takes place. Here the laser field cannot
propagate which is commonly referred to as ‘collision-less” absorption regime and hence
the dependency of the dose rate is weaker and almost saturates at a plateau. At this point
the intensity depends on the dose rate as (IA?)/® which confirms that resonance absorption
dominates in this intensity regime.

When we compare the parameters of the used laser systems such as the wavelength,
pulse duration, pulse energy and repetition rate, we observe a strong influence on the
X-ray dose rate. At high laser pulse repetition rates in the hundreds of kHz range, the
accumulated number of pulses over a time is very high. Hence, the heat accumulation
on the target is increasing. This will support the plasma generation to produce more hot
electrons and can explain the increase of X-ray doses at higher repetition rate.

In addition, the conversion efficiency of X-ray generation should be considered to
estimate the dose rates, which is defined as the ratio of the energy emitted as X-rays to the
energy of the incident laser pulse. This conversion efficiency depends critically on the target
geometry in which the laser-plasma interaction takes place, material absorption coefficient,
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thermal conductivity and laser parameters—e.g., the laser pulse duration, wavelength, and
intensity [11].

When we compare the X-ray emission from alloys with the emission from its composi-
tion metals, the dose rates of alloys can be increased or suppressed according to the dose
rates of its composite metals. Take brass as an example, its dose rate scales similar to its
composition metal of copper. On the contrary, the NiCuZn dose rate is suppressed due to
its nickel composition. Similarly, in the case of the NiCrFe alloy, the dose rate follows that
of iron and chromium rather than scaling with the Nickel dose rates. Therefore, the alloy
dose rate is not completely relying on the dose rates of its metal compositions. However,
these first observations are still preliminary and further work is needed in order to fully
understand the dependencies on the materials.

The measured X-ray dose rates shown in Figure 2 exceed the skin dose of 20 mSv per
year already at an exposure time of 80 s [21]. The maximum dose rate H'(0.07) measured
at the highest intensity is 899 mSv/h and 0.40 mSv /h for Coherent Monaco and KMLabs
Dragon lasers, respectively. So, it is recommended to take necessary measures to ensure
personal safety during the micromachining process. Also, we should find the working
distance from the interaction zone with an acceptable dose rates and proper shielding for a
safe working environment. The permissible occupational radiation exposure should be
monitored before each experiment.

3.2. Spectra

This section presents the X-ray spectral distribution for all used materials at the
maximum intensity of the KMLabs Dragon and Coherent Monaco laser systems. The Silix
lambda spectrodosimeter is used for the spectral measurement and the X-ray detection
range is spanned over 2-20 keV. The spectral photon sensitivity of the spectrodosimeter is
corrected and calibrated for all 235 channels. In Figures 4 and 5, the spectra are averaged
for 6 s and normalized to their maximum values. The X-ray photon counts are higher for
the Coherent Monaco laser which is a high repetition rate laser.

The spectral distribution of the plasma emission consists of characteristic lines as well
as bremsstrahlung continuum according to the materials interaction with the laser radiation.
Here the bremsstrahlung emission is a continuum emission observed below the 5 keV X-ray
energy regime. In this intensity regime, the multiphoton ionization (MPI) generates free
electrons which become ‘hot” electrons with high kinetic energy by resonance absorption
of photons from the laser pulse. When these hot electrons decelerate, bremsstrahlung
emission of X-rays occurs. Increase in X-ray flux can therefore be achieved by increasing
the number of hot electrons which are the primary cause for bremsstrahlung [22]. In such
a way the bremsstrahlung emission increases with intensity. For the high repetition rate
laser, both bremsstrahlung and characteristic line emission are equally probable.

As like the dose rates discussion, the spectral emission of Brass follows similar as
its composition of copper but when we see spectral emission of NiCuZn follows the
spectral distribution of nickel composition. In addition, the bremsstrahlung emission is
also enhanced in the NiCuZn compared to the brass, but it follows the spectral emission of
nickel. The spectral emission of NiCrFe follows the chromium and nickel spectral emission
not the iron spectral distribution.

For the 755 kHz laser, a broader bremsstrahlung emission is observed in comparison
to the 1 kHz laser. Depending on the material, either bremsstrahlung emission or line
emission is more dominant. For example, comparing molybdenum with titanium, the dose
rate of titanium consists mainly of the characteristic line emission at k-« = 4.512 keV, while
the dose rate of molybdenum consists mainly of bremsstrahlung. The characteristic line of
molybdenum would be at 17.48 keV.

131



Materials 2021, 14, 4397

In the case of ceramics, the X-ray emission of Si3Ny is significantly higher compared
to other materials shown in Figure 6. It may be due to the nitrides mixed to the silicon.
Hence more investigation is necessary to understand the X-ray emission and dose rates on
the alloys and ceramics.

X-ray dose attenuation using a shielding material depends on the spectral distribution
of the incident X-ray radiation, a shielding factor can only be calculated if the spectral
photon flux is exactly known. Hence the spectral distribution of the emitted laser-X-ray
radiation is critical for evaluating a protection approach [9]. In addition, the dose rates
measured is a combination of bremsstrahlung and characteristic line emission for all the
materials.
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Figure 4. X-ray spectra measured for the different target material and the incident laser peak intensity listed as brass and
NiCuZn alloy and its composition metals Ni, Cu, and Zn are investigated using a Silix lambda detector at a distance of
150 mm from interaction zone in air at an intensity 4.2 x 10'* W/cm? (left) and 2.3 x 10'® W/cm? (right) respectively for
the above mentioned two lasers.

3.3. Discrepency in Dose Rates

This section will take a closer look at the dose rate over time since the laser spot is
moving on the material in a spiral format during the material processing. Here, even small
changes in laser intensity as well as the position of the focus undergo large effects on the
generation of X-rays.

In Figure 7, we see the time-resolved measurement of the dose rate for stainless-steel
with Coherent Monaco laser. The process takes about 49 s and consists of 20 spirals. The
durations of the spirals are plotted at the top of the plot. The highest dose rate is observed
when the laser focus is displaced by ~0.4 mm above the material surface (solid lines in
Figure 7). In this situation, the X-ray emission stays at an almost constant level during the
entire process duration. When the focus is set at the material surface (dashed lines) the
X-ray emission drops after an initial high peak. Additionally, an oscillation is visible which
correlates well with the time evolution of the spirals. The strong discrepancy induced by a
small shift in focus position is only present at high laser irradiance. In the lower irradiance
regime (<10'* W/cm?) the X-ray emission is strongest when the laser focus is set at the
material surface, at an overall lower emission level.
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Figure 6. Shown in (a) is the spectrum of SizN4 measured with the Silix lambda and in (b) is the corresponding dose rate
over time measured with the OD-02.

This observation supports the idea that particle and/or plasma shielding strongly
affects the X-ray generation for high repetition rate processes at high laser intensities. In
this scenario, a slight shift of the focus above the material surface may increase coupling

efficiency of laser energy into the ablation plume of previous ablation events, and thus
increases the amount of X-ray emission from the re-heated ablation plume. This effect is

for high laser intensities most dominant as a large and long living plume can be present.
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At lower laser intensities the ablation plume is weaker and the effect disappears to a point
where the ablation rate of a defocused laser beam is lower resulting in lower X-ray emission
compared to the focused beam.
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Figure 7. Dose rate H'(0.07) recorded during different laser processing steps as function of the processing time. The OD-02
dosimeter was placed at a distance of 150 mm from the interaction zone. Each of the individual processing steps is marked
by a number on the top of the graph and separated by vertical lines. The laser intensity is 4.2 x 10 W/cm? at a repetition
rate 755 kHz and the focal spot diameter 22 pum.

3.4. Comparison Silix and OD-02

The X-ray radiation during the micromachining is measured with two detection
systems. For the dose rate measurements, the Silix lamda spectrodosimeter is used in
addition to a highly sensitive ionisation chamber (OD-02). In addition to the dose rate, the
Silix lambda simultaneously measures the spectrum in the X-ray energy range 2-20 keV.
The measurement time for the dose rate of the Silix lambda spectrodosimeter is set to 6 s.
For the dose rate measurements of the OD-02, the measurement time is 0.078 s. In order to
compare both measurements, the measured dose rates shown in Figure 8 were averaged
over the whole scanning time.

From the Figure 8, all the materials follow a similar trend. For a comparison of the two
detectors, the maximum and average X-ray dose rates from the OD-02 detector are reported
in Table 3, together with the X-ray dose rates from the Silix lambda spectrodosimeter for
the two laser systems at the respective maximum intensity. The measurements of the
two devices are in good agreement. The strong deviation of more than 70% in the case
of SizNy can be explained by the spectrum, as the measured X-ray radiation exceeds the
measurement range of the Silix lambda spectrodosimeter. However, the X-ray energy
regime should be considered while comparing these two detectors. OD-02 is specified
6-100 keV and Silix lambda X-ray spectrometer is specified 2-20 keV. The deviations in the
measurements can be explained by the different measuring ranges as well as the spectral
radiation depending on laser parameters and the material.
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Table 3. Comparison of the measured dose rates from the Silix and the OD-02.

Dose Rate KMLabs Dragon Coherent Monaco
H'(0.07) mSv/h 2.26 x 10'® W/em? 4.22 x 10" W/em?
OD-02 OD-02 (Mean) Silix Lambda OD-02 OD-02 (Mean) Silix Lambda
Brass 0.10 0.05 0.09 748 305 171
NiCuZn 0.13 0.05 0.09 248 33 33
Cu 0.15 0.11 0.12 678 229 212
Ni 0.13 0.06 0.08 70 0.77 5.46
Zn 0.06 0.04 0.04 53 10 14
NiCrFe 0.40 0.13 0.30 822 351 215
Steel 0.29 0.09 0.15 432 295 169
Fe 0.08 0.05 0.05 1220 453 237
Mo 0.07 0.06 0.04 745 610 231
Ti 0.05 0.04 0.05 793 166 159
\4 0.13 0.12 0.10 72 0.16 2.98
Al,O3 0.0024 0.0011 - 21 20 10
ZrO, 0.0031 0.0007 - 25 18 12
SizNy - - 988 889 268
——0D-02 | 1035 nm, 54W —e=0D-02 | 8oonm, 1W
-8~ Silix 755 kHz, 350 fs =110 & Silix 1 kHz, 35 fs
_1x10 — Mo £ — Mo
£ >
3> Steel e Steel
wv
E | — Nicuzn = — NiCuzn
g Zn S1x102 Zn
S —Ww e —w
=1x10° L= <
I =
g 8
< @ 1x1073
8 H
1:102 8.1L
g---8--d
24100 - ‘|‘.‘10u 1x10" 1x10'®

Peak Intensity (Wcm ?)

()

Peak Intensity (Wcm %)

(b)

Figure 8. Comparison of the accumulated dose rates using Silix lambda and OD-02 detectors for an intensity range 5 x 101>
and 5 x 10'® W/cm? by tuning the laser pulse energy for Coherent Monaco (a) and KMLabs Dragon laser (b). The dotted
line represents the dose measurement with the Silix and the solid line the dose measurement with the OD-02.

4. Conclusions

In conclusion, we have presented a comparison of the emitted X-ray dose rate from
laser-driven plasma of several target materials, including pure metals, different alloys, and
ceramics using two different ultrafast laser systems.

The X-ray dose rate strongly depends on different laser parameters, e.g., wave-
length, pulse duration, repetition rate, and the pulse energy. For a laser intensity above
10" W/cm?, all target materials investigated, show a potential hazardous X-ray dose rate
which increases with laser intensity. The use of mid-infrared laser wavelengths and multi-
kHz repetition rates leads to an additional increase in dose rate compared to standard
near-infrared kHz laser systems, even for lower pulse energies. A strong dependency of
the dose rate on the laser focus position with respect to the target surface indicates that an
additional factor, such as heat accumulation or particle/plasma shielding, may contribute
to the X-ray emission during material processing. Such effects are especially relevant in
case of multi-pulse irradiation with high repetition rate lasers.

A proper prediction of the X-ray emission remains as a challenge because of many
parameters concerning both the laser system and the target, which affect the generation pro-
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cess during laser-material interaction. In order to relate the X-ray dose rate estimation with
the spectral information from the laser produced plasma, we have used of a calibrated Silix
lambda spectrodosimeter. This detector provides a photon energy spectrum of the X-ray
radiation with a dose rate, offering more information about the origin of the X-ray emission
below 20 keV. The dose rates from the Silix lambda spectrodosimeter compared with a
commonly used OD-02 dosimeter for all the measurements, showing a good agreement
between the two detectors.
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Abstract: To fulfil the requirements for high-resolution organic light-emitting diode (OLED) displays,
precise and high-quality micrometer-scale patterns have to be fabricated inside metal shadow masks.
Invar has been selected for this application due to its unique properties, especially a low coefficient
of thermal expansion. In this study, a novel cost-efficient method of multi-beam micromachining
of invar will be introduced. The combination of a Meopta beam splitting, focusing and monitoring
module with a galvanometer scanner and HiLASE high-energy pulse laser system emitting ultrashort
pulses at 515 nm allows drilling and cutting of invar foil with 784 beams at once with high precision
and almost no thermal effects and heat-affected zone, thus significantly improving the throughput
and efficiency.

Keywords: multi-beam micromachining; beam splitting; invar; shadow masks; OLED

1. Introduction

Invar is a Fe-Ni class alloy with unique properties such as excellent strength, impact toughness,
processability and a low coefficient of thermal expansion [1]. Those properties are making invar
very attractive for various industrial applications including bi-metal applications, storage tanks of
liquified natural gas, and shadow masks for production of organic light-emitting diodes (OLED) [2].
High-resolution shadow masks are crucial in red, green and blue evaporation process of organic
luminous materials during the production of OLED displays [3]. The geometry, size and overall quality
of holes in shadow mask are directly connected with OLED pixel quality [4]. Chemical etching is
nowadays a common microfabrication method for production of OLED shadow mask [2]. However, it
is a complicated multi-step process generally composed of coating, cleaning, exposure and an etching
process with no control over the taper angle. Moreover, it is difficult to fabricate a pattern smaller than
the material thickness due to isotropic manner of chemical etching and thus reach the high resolution
required for future virtual reality displays [5,6].

As an alternative, laser micromachining provides high-quality, single-step and environmentally
friendly approach without the use of chemicals. Laser microfabrication of shadow masks was
investigated with several laser systems demonstrating 85 um channels fabricated in polymethyl
methacrylate with a CO; laser [7], 250 um wide channels in wax using a CO; laser [8], 250 um wide
lines in plastics and glass with the use of a Nd:YAG laser at the fundamental wavelength of 1064 nm [9],
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or 140 um lines fabricated in a steel shadow mask using the third harmonics of a Nd:YAG laser [10].
However, to produce high-resolution shadow masks with small features in a range of a few tens of
microns, ultrashort pulsed lasers have to be deployed [8,11-13]. Invar drilling with ultrashort laser
systems was investigated, demonstrating 200 um diameter in invar utilizing a 785 nm Ti:shappire
laser [4] and hole dimensions below 30 um with excellent quality and minimal heat-affected zone [6].

However, the main drawback of ultrashort pulse laser micromachining is the processing speed
which limits the widespread use in industry, especially in the case of a common single-beam direct laser
writing approach. Moreover, with the emerging high-power ultrashort laser systems [14], high-quality
invar micromachining becomes very inefficient as most of the laser power cannot be used. This
is due to the necessity of processing close to the damage threshold to maintain high quality and
minimal heat affected zone. Therefore, new techniques for rapid large-scale processing are required.
The most promising rapid large-scale techniques include polygonal scanning systems [15,16], direct
laser interference patterning [17,18] and multi-beam scanning approaches [19].

Beam splitting using a diffractive optical element (DOE) in a combination with galvanometer
scanner and high-power ultrashort laser systems is a promising way to meet industry standards in
high speed processing of large areas. DOE beam-splitter distributes the incident laser beam intensity
into the desired far-field pattern which is usually an 1D or 2D array of beams. Each beam has the same
characteristics as the original beam, except for pulse energy and angle of propagation [20]. Multibeam
systems providing high throughputs due to beam splitting into 10-100 beamlets have recently become
commercially available on the market able to drill holes in the range of 20 um in diameter into 20 um
thick metal foils [21,22].

Consequently, this study aims to demonstrate a technology capable of producing microstructures
in a cost-efficient way by introducing a prototype of a Meopta beam splitting, focusing and monitoring
module. The module divides an initial high-quality beam into more than 700 beamlets for parallel
processing of a thin invar foil. By utilizing the module in a combination with HILASE high-energy pulse
ultrashort laser system and a galvanometer scanner, it was possible to freely adjust the dimensions and
geometry of produced microholes suitable for the production of OLED displays.

2. Materials and Methods

Invar (FeNi36) foils provided by Goodfellow GmbH (Friedberg, Germany) with a thickness of 20
um and dimensions of 50 x 50 mm were used as received (Ra~0.07 pm). The foils were treated by
Perla laser system from HiLASE (Dolni Brezany, Czech Republic), equipped with second harmonic
generation module emitting at wavelength of 515 nm, with pulse duration of 1.3 ps, beam quality factor
M2 better than 1.5, repetition rate of 1 kHz and pulse energy up to 10 mJ [14,23]. The generated beam
(Figure 1c) was guided through the galvanometer scanner without F-theta lens into the optical module
developed by Meopta-optika, s.r.o0., consisting of a DOE beamsplitter, 100 mm focusing lens and a
polarizing beamsplitter for pattern observation on the sample surface. The module is responsible for
focusing and splitting the initial beam by means of diffractive optics into a matrix of 28 x 28 beamlets
with homogeneous distribution across the whole pattern and suppression of zero order diffraction.
The module allows the separation distance between beamlets to be adjusted by changing the distance
between the DOE and focusing lens. Beam splitter and camera allows to monitor the intensity, shape
and focal position of each beamlet. The beamsplitter passes linearly polarized beam on to the sample
surface. The reflected light from the sample with random polarization is then able to reach the camera.
The separation distance between each beamlet on the sample plane was 150 um. The sample was
placed vertically on to the vacuum holder with an optional connection to the cooling water circuit.
The whole setup is depicted in Figure 1.
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Figure 1. Schematics (a) and photo (b) of the experimental setup with a detail of input beam (c).

Topography of selected surfaces was analyzed with a laser scanning confocal microscope Olympus
OLS 5000. The pattern shape and beamlets intensity distribution were captured by a Basler ace
acA4024-29um camera with pixel size of 1.85 um.

3. Results and Discussion

The impact of the experimental setup misalignments on the resulting multi-spot pattern
homogeneity, the tolerance of deviation angles during beam deflections affecting the pattern shape, as
well as the laser and processing parameters for high-quality cutting and drilling have been studied in a
set of experiments.

First, the pattern homogeneity had to be adjusted to reach the same intensity in each beamlet by
tilting the beam-splitting element. The pattern shape was observed in real-time on a camera inside the
Meopta beam-splitting module during the alignment, as depicted in Figure 2.

As shown in Figure 2, the pattern shape reflected from the sample surface exhibits undesired
speckles, which can be further improved by mirror polishing of the sample. In addition to pattern
homogeneity, the working plane was easily found by observing the pattern on camera as the sharp
beam profile of each beamlet (inset of Figure 2b) can be observed only when the sample is located
exactly in the focal plane.
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Figure 2. Final pattern shape on camera in a sample plane (a) and the same pattern reflected from the

sample surface (b).

In the next step, the sample was irradiated with 100,000 consecutive laser pulses with energy
of 0.6 m] which corresponds to the fluence of 0.28 J/em? for each beamlet. The first experiments
revealed extensive heat accumulation connected with a large heat-affected zone and interconnection of
microholes into one hole in the center of the pattern due to extensive heating and melting (Figure 3a).
Consequently, the samples were placed on a water-cooled holder to minimize the effect of heat
accumulation, as depicted in Figure 3b.

-,,,MM "M;’

/i
f “&’i“:‘

Figure 3. Overview of the heat affected zone on the sample processed without water-cooled holder (a)
compared to the sample processed with the water-cooled holder (b). Both samples were processed
with the same fluence of 0.28 ]/cm2 and 100,000 pulses.

To determine an optimal processing window for high-quality multi-beam drilling, different
combinations of laser parameters were analyzed. First, the ablation threshold for the simultaneous
drilling of 784 holes was estimated. Figure 4a presents a microhole ablated close to the ablation
threshold with 100,000 pulses and pulse energy of 0.3 m] in the initial beam (beamlet fluence of
0.15 J/em?). No ablation was observed for pulse energies below 0.3 mJ, hence it is considered as the
ablation threshold.
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Figure 4. Evolution of microhole quality and heat affected zone with the increase in fluence. Sample is
irradiated with 100,000 consecutive laser pulses. (a-d) gentle ablation regime, (e-g) high fluence regime.

The extension of the heat-affected zone and overall hole quality have been examined using
different pulse energies in the range of 0.3 m]J to 1.2 m] which correspond to the beamlet fluence of 0.15
J/em? to 0.51 J/cm?, as shown in Figure 4.

In line with the results presented in Figure 4, two ablation regimes have been identified. The highest
quality microholes have been reached in a gentle ablation regime for fluences up to two-times the
ablation threshold, i.e., up to 0.28 ]/crnz. In this case, the extension of the heat-affected zone was found
to be less than 3 um. By increasing the fluence over this value, the quality of microholes significantly
deteriorated due to the extensive heat-affected zone. Moreover, as shown in Figure 5a, the removal
rate (ablated volume per time and power) for microholes drilled in a higher fluence regime over 0.28
J/em? is much smaller compared to lower fluences.

This phenomenon may be explained by the decrease in beam quality connected with high pulse
energies which may overcome the tolerances of a diffractive beamsplitter and thus affect the intensity
distribution within the beamlet. This issue will be further addressed in the following research.

On the other hand, the removal rate is sharply increasing with the fluence in the gentle
ablation regime reaching the peak around 0.28 J/em?, which was identified as the optimal fluence for
effective drilling.

Furthermore, the number of pulses required for piercing the sample have been determined
(Figure 5b). With the threshold fluence of 0.15 J/cm? at least 2.5 million pulses were required to pierce
through the 20 um thick invar foil, thus removing less than 0.01 nm per pulse. By increasing the
fluence above the ablation threshold, the sample was pierced with less than 700,000 pulses for fluences
between 0.18 J/cm? and 0.28 J/em?. The lowest number of pulses required for piercing the foil was
in the case of 0.28 J/cm? with only 500,000 pulses, which is in accordance with the optimal removal
rate value. For the higher fluence regime, the sample was pierced only in the case of 0.36 J/cm? after
exposition with 1 million pulses. Higher fluences did not lead to cutting through the invar foil even
after 3 million pulses. Therefore, the optimal processing window for effective micromachining of invar
foil has been identified as 0.18 J/em? to 0.28 J/cm?.

Additionally, the effect of laser parameters on the microhole diameter input/output aspect ratio
have been studied. As demonstrated in Figure 5c, the aspect ratio decreases with higher fluences as
well as with increasing number of pulses. Similarly, the shape of the exit diameter also improves with
a higher number of applied pulses (Figure 6).
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Figure 5. (a) Removal rate as a function of fluence; (b) Number of pulses necessary to cut through the
whole sample; (c) Evolution of the aspect ratio as a function of number of pulses.
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Figure 6. Geometry evolution of exit hole diameters with increasing number of pulses from 0.7 million
to 2 million pulses.
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Generally, the exit microhole diameter is larger and less elliptical for higher fluences and pulse
counts, as demonstrated in Figure 6. The best aspect ratio and circularity were reached for the sample
irradiated with 2 million pulses and 0.28 J/cm? per beamlet.

Following up on the optimal parameters, a galvanometer scanner was deployed to deflect the
beam in a small area between microholes to fabricate different geometries on the invar foil. Since
the separation distance between produced microholes is 150 pm, the square with a side width of 100
um was chosen for the cutting experiment. To improve cutting efficiency, the input cut width was
increased by cutting 15 squares with the same center position and decreasing diameter per 3 um for
each square. The cutting speed was adjusted to 1 mm/s to ensure high enough overlapping of ~95%
with the laser repetition rate of 1 kHz. The cutting results are depicted in Figure 7.

0.18 Jiem? Tc)l 021 gem? |d) . 0.28Jicm?

(S

Figure 7. (a) Overview of a pattern cut with a combination of 28 x 28 beamsplitter and galvanometer
scanner; (b—d) details of a square cuts fabricated with different fluences inside the optimal processing
window and 400 overscans and their corresponding exit sides (e-g).

As demonstrated in Figure 7, it was possible to fabricate square geometries and cut through
the invar foil with all 784 beams at once. The complete penetration was reached for 700, 440 and
250 overscans for the fluences of 0.18 J/cm?, 0.21 J/cm?, and 0.28 J/cm?, respectively. In addition,
the consistency of square shape and their separation distance was measured on 20 randomly selected
squares across the pattern confirming the exact same parameters across the pattern with the standard
deviation smaller than 3 um in all cases.

4. Conclusions

Utilization of a Meopta beam-splitting, focusing and monitoring module in a combination with
HiLASE high-energy pulse laser system emitting ultrashort pulses at 515 nm resulted in efficient
cutting and drilling of invar foil simultaneously by 784 beamlets, arranged in a matrix of 28 x 28
beamlets. The features of optical module allow the setup to be aligned quickly to reach homogeneous
intensity distribution across the whole pattern, as well as focus adjustment. By determining the
ablation threshold, optimal fluence levels and pulse counts, the optimal processing window for
effective high-quality drilling and cutting with heat affected zone below 3 um has been identified
as 0.18 J/em? to 0.28 J/cm?. The combination of galvanometer scanning head and beam-splitting
module enabled multi-beam fabrication of square-shaped microholes with adjustable dimensions.
With the use of this solution, the throughput can be increased 7 times compared to the state of the art
commercial multi-beam systems and more than 700 times compared to the single beam approach, thus
showing high potential for significant improvement in the fabrication speed and efficiency during the
production of invar shadow masks.
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Abstract: We present a unique dual laser beam processing approach based on excited state absorption
by structuring 200 nm thin zinc oxide films sputtered on fused silica substrates. The combination of
two pulsed nanosecond-laser beams with different photon energies—one below and one above the
zinc oxide band gap energy—allows for a precise, efficient, and homogeneous ablation of the films
without substrate damage. Based on structuring experiments in dependence on laser wavelength,
pulse fluence, and pulse delay of both laser beams, a detailed concept of energy transfer and excitation
processes during irradiation was developed. It provides a comprehensive understanding of the
thermal and electronic processes during ablation. To quantify the efficiency improvements of the
dual-beam process compared to single-beam ablation, a simple efficiency model was developed.

Keywords: dual laser beam processing; excited state absorption; semiconducting thin films; multi-
beam micromachining; nanosecond laser; stimulated emission depletion

1. Introduction

In 1994, Hell et al. theoretically described the stimulated emission depletion (STED)
microscopy, which was experimentally demonstrated a few years later and today enables
to resolve structures smaller than 10 nm [1-3]. Here, a Gaussian laser beam excites carriers,
which are subsequently depleted back to their ground state by a second donut-shaped STED
beam with a specific material-dependent wavelength. Although the focusability of both
laser beams is still limited by diffraction, the resulting fluorescent volume is significantly
decreased to the zero-intensity center of the STED beam [4].

This approach is now also used for structuring different photopolymers with fea-
ture sizes in the low double-digit nm range [5]. In this case, polymerization in the outer,
high-intensive region of the donut-shaped beam is suppressed by stimulated depletion
of the electrons required for polymerization or by activation of inhibitors. Unfortunately,
the technique is limited to certain photopolymers and specific light sources. As an alter-
native, the structures can be transferred to other classes of materials by replica casting.
However, direct sub-diffraction structuring of semiconductors and dielectrics using the
STED-technique would improve flexibility, reduce process complexity, and lower overall
manufacturing costs [6,7].

In this context, an approach proposed by Engel et al. [8] is very promising for optically
active materials like direct semiconductors. Briefly, comparable to STED microscopy,
a diffraction limited Gaussian laser beam with sufficient photon energy Ep is used to
excite electrons into the conduction band (CB). A second temporally and spatially aligned
donut-shaped beam with suitable Ep in the range of the optical band gap energy Epg
depletes these excited states and transfers the electrons back to the valence band (VB) by
stimulated emission. The depletion only occurs in the high-intensive ring-shaped region of
the beam, whereas the excited electrons in the zero-intensity center keep unaffected. This
excited central region can subsequently absorb a third Gaussian laser beam by excited state
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absorption (ESA) at a wavelength otherwise transmitted in non-excited regions. Based on
several processes such as intra-band absorption, avalanche effects, or coulomb explosion,
the excess energy provided by this ESA-based process step is potentially suitable for sub-
diffraction structuring, although the single beams are subject to diffraction limited focusing.

Based on previous studies [9], the focus of the present work is on the ESA-based abla-
tion as an important element of the proposed sub diffraction direct laser writing technique
(Figure 1a) [8]. Several studies already implemented an ESA-based microfabrication by
a hybrid laser process of wide bandgap semiconductors such as fused silica, sapphire,
or quartz [7,10-13]. The non-thermal ablation by the excitation of electrons above the
vacuum energy improves ablation quality and decreases debris formation on the surface.
For these dual-beam processes, Excimer and Raman lasers with wavelengths in the UV-range
and (ultra-)short pulse lasers are most commonly used to increase absorption through pho-
todissociation and changes in transient absorption [7]. This process is also applicable to lower
bandgap semiconductors like gallium nitride, lithium niobate, and silicon carbide [13-17]. In
this case, the single laser beams already exceed Epg, but the excitation beyond vacuum
energy for improved non-thermal ablation is only achieved by the dual-beam setup. Simi-
larly, an increased absorption of a second, otherwise transmitted laser beam with Ep < Epg,
without exceeding the vacuum energy enables energy and cost efficient processing as
already demonstrated for silicon and silicon carbide [18,19]. The key factor here is that
commercially available, compact, and less expansive lasers in the visible and infrared
spectrum can be used [18].

CB (b) pump beam (c) reference (pu'mp)
Xpump = 355 nm
area of ESA ZnO ?
<
B
g
fused T g
silica c
ESA beam g
hysat 450, 500
[nm] 550, 600

Time [ns]

Figure 1. (a) Schematic illustration of the theoretical excited state absorption (ESA)-based ablation process with excitation
(top) and a subsequent ESA (bottom), indicated by solid arrows. The electrons, excited prior by the pump beam with
Ep > Epg, rapidly relax radiative or non-radiative (dashed arrows) and partially migrate to defect levels located within the

band gap. The subsequent ESA beams with Ep < Epg are absorbed by either intra-band A or defect level — conduction

band (CB) B transitions, both enabled only by the prior pump excitation. Waved and dashed arrows indicate non-radiative
and forbidden transitions, respectively. (b) Sample cross section of 1 mm thick fused silica substrate coated with a 200 nm
thin ZnO layer. The beam directions are indicated by arrows. (c) Illustration of selected pulse delays At = —5, 0, +5 ns
(dashed lines) and their temporal overlap with the pump pulse (solid line).

Based on this dual-beam ablation technique, Zinc(II) oxide (ZnO) as a direct bandgap
semiconductor was used. Especially as thin films on an low absorbing substrate like
fused silica, ZnO is commonly used in state-of-the-art applications like optoelectronics,
metamaterials, or photonics, and is therefore a promising candidate for the ESA- and
potential STED (in combination with ESA)-based ablation [20,21]. Thus, we focused on
the selective, high quality thin film ablation at optimized processing parameters and cost
efficiency. To analyze the suitability of the dual-beam setup for thin film structuring, the
ablation process is studied with respect to the laser peak fluences, temporal delay, and
wavelengths of the respective beams.
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2. Materials and Methods
2.1. Sample Preparation and Characterization

Fused silica substrates (Infrasil 301, Heraeus, Hanau, Germany) with a thickness of
1 mm were coated by RF-magnetron sputtering of 200 nm thin ZnO layers using a sputtering
time of 37 min at a pressure of 0.295 Pa, a gas flow (argon with 2% oxygen) of 6 cm®/min,
and a power of 150 W. The coated and uncoated samples were optically characterized by
UV/VIS transmittance spectroscopy (MCS/100-3, J&M Analytik, Essingen, Germany).

The photoluminescence emission spectra of the coated samples were measured at
room temperature with a HeCd laser (IK3202R-D, Kimmon Koha, Tokyo, Japan) at a laser
wavelength A = 325 nm and a continuous wave power of 17 mW. The fluorescence was
detected at an angle of 45° by an optical spectrometer (Maya2000 Pro, Ocean Insight,
Rostock, Germany). A 350 nm longpass filter (XUL0350, Asahi Spectra Co., Tokyo, Japan)
was utilized in front of the detector to restrict the detection range above Egg, where only
weak emission is expected [22].

2.2. Laser Processing Setup

The dual-beam setup consists of two Nd:YAG lasers (SLI-10, Amplitude Systems)
with a fundamental wavelength A = 1064 nm. The third harmonic of one of them was used
as pump beam with Apymp = 355 nm and a pulse duration of Tpump = 4.7 ns. The second
Nd:YAG laser equipped with an additional optical parametric oscillator provides selected
ESA beam wavelengths Agsa = 450, 500, 550, and 600 nm with Tgsp = 4.8 ns. The beams
were collinearly focused on the sample surface from opposite sides. Consequently, the ESA
beams must pass the fused silica substrate (Figure 1b). For synchronization and temporal
peak-to-peak delay, adjustments of both beams at the sample surface, a digital delay
generator (DG535, Stanford Research Systems) and a silicon photodetector (ET-2000, EOT)
were used. A digital oscilloscope (XDS3302 Plus, OWON Technology Inc., Zhangzhou,
China) with a rise time < 1.2 ns monitored the temporal pulse shape (Figure 1c).

The ablation process was investigated using single laser pulses of the respective pump
and ESA beams in order to exclude accumulation and incubation effects that would lead to
an altered absorption. These include steady sample heating, contamination of the surface
by resolidified ZnO, or the formation of deep level defects and color centers [11,23,24]. To
ensure optimum laser operation with highest output stability, the laser was operated at its
standard repetition rate of 10 Hz during the measurements. The separate pulses were then
selected by mechanical shutters, synchronized with the delay generator already used for
laser operations. Furthermore, the lasers were operated at their optimum output energy
Epump = 160 m] and Egsa = 27-29 m] and attenuated by neutral density filters (FW2AND
and NDC-100C-4M, Thorlabs Inc., Newton, MA, USA). To further reduce the impact of
pulse energy fluctuations and sample inhomogeneities, the results of 5 independent abla-
tion spots fabricated with identical processing parameters were averaged for all performed
single- and dual-beam ablation measurements.

2.3. Generation and Analysis of Ablation Spots

The ablation behavior of the ZnO layer for the single laser beams was characterized
by optical microscopy (VH-Z100, Keyence, Osaka, Japan) and white light interferometry
(CCI HD, Ametek Inc., Berwyn, IL, USA) as a function of their respective pump-pulse
energy Epump < 13 pJ and ESA-pulse energy Egsa. The latter was labeled according to the
utilized ESA-wavelengths Agsa as Egs0 < 19 yJ, Esgp < 12 yJ, Essp < 25 pJ, Egpp < 31 yJ.
The single-beam ablation threshold energy Ey, and the beam diameter 2wy (1/ e2-diameter)
were determined using the method proposed by Liu [25]. For this purpose, the squared
ablation diameters D? were plotted in semilog plot versus the pulse energy E. According to

D? = 2wy - ln(E£>, 1)

th
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the intersection of the linear fit at D? = 0 and its slope determines Eg, and 2wy, respectively.
Using these parameters, the laser peak fluence at the ablation threshold was calculated by
Fin = 2B /w2, Hereinafter, all fluence values refer to laser peak fluences.

For fluences below Fy, in order to prevent single-beam ablation, ESA-based laser
processing with a combination of pump and ESA beam was analyzed. The impact of
the different parameters for optimal ablation quality and efficiency was characterized by
varying the ESA beam fluence Fgga (Fas0 < 1.6 J/em?, Fspg < 4.5]/cm?, Fss0 < 5.7 J/cm?,
Fgoo < 5.3 J/cm?) below their individual Fy, at a constant pulse delay of At = 5 ns and
several pump beam fluences at Fpump =0.2] /em?2,0.1]/cm?, and 0.02 J/cm?. Using the
highest pump beam fluence Fpump = 0.2]/ cm? and the same values of Fggs, At was varied
from -10 to 500 ns to investigate the influence of the pulse delay. Here, a negative temporal
delay (At < 0) implies that the ESA beam precedes the pump pulse (Figure 1c).

3. Results and Discussion
3.1. Optical Characterization of the ZnO Thin Film

The UV/VIS transmittance spectrum of the uncoated fused silica substrate Ts (Figure 2a)
shows no absorption for the applied A and thus no interaction with the radiation. The
deviation to T = 1 is caused by reflectance losses at the interfaces [26]. The transmittance
of the 200 nm thin ZnO layer on the substrate Tz, shows a single steep absorption edge
at A ~ 380 nm with a direct optical band gap at Egg = 3.26 eV [20,27], determined by a
Tauc-plot [28]:

oEp =G - (Ep — Epg)F, (2)

where G is a constant that depends on the transition probability. The parameter R is
determined by the optical transmittance type and is R = 0.5 for directly allowed optical
transmissions [29,30]. Plotting «Ep over Ep and using a linear fit of the straight portion of
the absorption edge, the intersection at xEp = 0 determines Epg (Figure 2b). The results
demonstrate optimal conditions for a strong fundamental single photon absorption of the
pump beam (Apump = 355 nm). The optical penetration depth is determined by dp =1/«
with the absorption coefficient o = In(T~1)/dy. dp = 62 nm and corresponds by definition
to the depth at which the beam intensity has dropped to 1/e. This value is smaller than the
layer thickness di, and thus almost all of the pulse energy is used to promote electrons to
the CB, which are available for the subsequent ESA-based ablation process.

By analyzing the sinusoidal interference fringes in the weak and medium absorbing
region of the Tz,o-spectrum by the envelope method of Swanepoel [26], the interference
free transmittance Ty was derived. Here, the Tz,o-maxima and minima were used to
fit an upper Ty and lower Ty, envelope function, respectively. Both envelopes were
computer-generated using the program OriginPro 2020b (Origin-Lab Corp.) [30]. At
shorter wavelengths in the strong absorbing region above Epg, the envelope functions
converge to a single curve, merging with the measured values of Tz,0. The interference
free absorption coefficient was calculated from the determined Tg values (Table 1) [31].

Table 1. Optical parameters (Tg, n, «, dp) at the utilized A calculated from the transmittance data by
the method of Swanepoel (Figure 2a) [26], as well as ablation parameters for single-beam ablation
(Eth, 2wy, Fyy,) determined by the method of Liu (Figure 3a) [25].

A [nm] 355 450 500 550 600
T 0.04 0.82 0.82 0.83 0.83
n - 2.07 2.05 2.04 2.03

a[1/cm] 1.6 x 10° 9.7 x 10° 9.5 x 10° 9.4 x 10° 9.2 x 10°
dp [nm] 62 1027 1047 1065 1088
2ws [um] 28.4 285 20.2 23.6 19.8
Eun [W] 1.6 6.2 7.8 12.9 85
Fy, [J/cm?] 0.49 1.96 4.86 5.90 5.51
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Figure 2. (a) UV /VIS transmittance spectra of 1 mm thin uncoated fused silica substrate (- - -) and fused silica coated with a
200 nm thin ZnO-layer (=). The dotted lines labeled Ty, T, and T are the fits of the upper and lower envelope function
as well as their geometric mean, respectively [26]. In the emission spectrum of the ZnO film (=), A = 325 nm was used for
excitation. Selected emission peaks assigned to specific transitions are numbered. (b) Tauc plot [28] of Tz,o (==). The linear
fit (==) at the straight portion of the band edge allows to determine Egg by the intersection at aEp = 0. (¢) Schematic of the
location of intrinsic point defect levels within the band gap by full-potential linear Muffin-tin orbital method calculations
according to Xu et al. [32]. The numbers on the lines indicate AEp of the defect states compared to the energy of the valence
band (VB)-maximum with filled (==), partially filled (---), and empty (- - -) states. The positions of the energy levels are true
to scale with respect to Epg = 3.26 eV. Selected transitions are labelled with dashed arrows and a number corresponding to

the emission wavelengths in (a).

Furthermore, the amplitude and oscillation of the interference fringes contain infor-
mation about the ZnO-layer thickness di and the refraction index n, respectively. The
refraction index of the substrate was derived from the transmittance of the uncoated sub-
strate. The interference free refraction index in the weak absorbing region was calculated
using the envelope functions as demonstrated by Swanepoel [26]. By using A and n of
adjacent fringe maxima or minima and the order number, d;, was calculated to be 203 nm.
The measured and calculated parameters for the utilized A are listed in Table 1 [26,31].

Below the band gap energy Epg, n and « steadily increase and the small variation of
A below Epg indicates the comparably weak absorption of the ESA wavelengths without
additional pump excitation. The difference between Tg and Ts is caused primarily by
the deviating n, as the upper envelope function that intersects the fringe maxima almost
coincides with Tg [26]. With increasing absorption at Egg, « increases rapidly.

The sinusoidal interference fringes in the spectrum are caused by reflection losses due
to interference effects of the radiation between the air—film and film-substrate interfaces [33].
This indicates homogeneous, smooth, and low scattering surfaces [34]. Thus, only at
sufficiently high beam fluences, an independent ESA beam ablation is expected by either
a multi-photon absorption or processes including various intrinsic point defects. The
latter include deep level defects inside the ZnO layer or shallow donors that are located
typically at the surface [20,22,35,36]. As illustrated in Figure 2c, the location of the intrinsic
defect levels were calculated by Xu et al. with a full-potential linear Muffin-tin orbital
method [32]. These include vacant zinc (Vz,), vacant oxygen (Vp), interstitial zinc (Zn;),
interstitial oxygen (O;), substituted oxygen at zinc positions (Oz,), and complexes of V
and Zn; (VoZny).

The emission spectrum in Figure 2a shows a weaker emission in the UV-range from
360-500 nm (close to Epg), compared to A = 550-800 nm. The sharp band emission at
A1 = 380-390 nm overlaps with the band edge and is caused by recombination of photo-
induced charge carriers through exciton—-exciton collision processes (Figure 2c) [21,22,37].
The specific emissions at Ay = 430 nm and A3 = 480 nm are attributed to Zn; — VB and
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Zn; — Vz, transitions, respectively [22]. Their weak emission indicates low roughness
and homogeneous surface quality, in line with the findings in the Tz,0 spectrum as these
transitions occur primarily at the surface [22]. The strongest emission in the visible region
corresponds to deep level defects in the bulk of the layer [22,32,36]. Here, the broad
emission is comprised of several transitions at Ay = 625 nm, A5 = 650 nm, A¢ = 700 nm, and
A7 =750 nm, induced by Zn; — O;, Zn; — Oz, CB — Ogz,, and Zn; — VoZn; [22].

3.2. Single-Beam Ablation

It becomes evident from Table 1 that Fy, of the ESA beams is about one order of
magnitude larger than the pump beam. The pump beam with Apump = 355 nm is absorbed
fundamentally by single photon absorption, indicated by the linear increase in D? (at
the semilog scale in Figure 3a) and the transmittance in Figure 2a (Epump > Epg) [38,39].
In contrast, the ESA beams require either populated defect levels that absorb the laser
wavelengths and promote electrons to CB [35], or a multi photon process (Egsa < Egg) [7].
However, such nonlinear processes would cause an exponential deviation from the linear
trend [38] and is therefore unlikely. Thus, the ESA at defect levels is expected as the primary
absorption mechanism. The steeper slope angle of the pump beam indicates a larger beam
diameter 2wy = 28 um [40]. It is comparable or larger than the ESA beams (Table 1) and
therefore it provides ideal conditions for optimal utilization of the pulse energy for the
ESA process.
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Figure 3. (a) Semilog plots of D? over E with the corresponding linear fits, to determine the ablation parameters Eg,, 2w,
and Fy, of single-beam absorption by the method of Liu [25]. The exact values at the utilized A are listed in Table 1. (b—e)
Semilog plots of D? over Fggp for ESA based ablation at different Agga with (b) A = 450 nm, (c) A = 500 nm, (d) A = 550 nm,
and (e) A = 600 nm. For excitation, different Fpump values of 0.2 J/cm? (-e-),0.1]/cm? (A), and 0.02J/cm? (V) were used.
Fesa was varied below their respective Fy, (Table 1), indicated by the vertical dashed line. The values for Fpump = 0.2]/ cm?
were linearly fit to D2 =0. The diagonal dotted lines highlight the Fy, fits of A = 355 nm (-—) and the respective Agsa ()

plotted in (a).

The behavior at Agsa = 450 nm deviates slightly from the other wavelengths, where
Fy, is smaller and 2wy is larger. This suggests a partially different excitation process due
to the high Ep closest to Egg. This might be explained by the excitation of VB-electrons
directly to defect levels close to CB. Moreover, defect levels could be able to absorb the
beam and excite electrons directly to CB (Figure 2c), which would lower Fy, [32,35]. As the
defect concentration is expected to be highest at the ZnO-fused silica interface, most of the
energy would be absorbed here. At sufficient Fgsa, the abrupt absorption at this interface
can cause an explosion-like ablation of the whole layer without the necessity to heat the
entire ZnO inside the laser spot. For single-beam ablation of the ESA-beams, the resulting
spots are mostly inhomogeneous at low Fgsp (Figure 4b,g) and the further increase of Frsa
leads to substrate damage (Figure 4a,f). Here, an inhomogeneous ablation with ablation
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depths d, of several microns were observed in the dark areas of the ablation spot. The
intense absorption at the fused silica interface exceeds the substrate ablation threshold and
limits the Fgsa-range significantly. Thus, for the Fy, calculations, Fgsa was decreased and
the spots at higher Fgsa exceeding the damage threshold of the fused silica substrate were
excluded from analysis, as the measured D? are highly inconsistent and do not represent
the ablation characteristic of the ZnO-layer.
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Figure 4. Microscopic images of single-beam ablation spots with (a) F450 = 5.7 /cm?, (b) Fsp9 = 6.8 ] /cm?, and (c) Fpump =1.1]/ m?,
as well as ESA-based dual-beam ablation spots at (d) At = 5 ns with Fpymp = 0.2]/ em? + Fy50 = 0.9 J/cm? and (e) At =10 ns
with Fpump = 0.2]/ cm? + Fsp9 = 1.0 J/cm?. (f-j) White light interferometric depth profiles of spots (a—e).

3.3. Dual-Beam Ablation
3.3.1. Influence of the ESA Beam Fluence

At first, Fgsa was varied (Figure 3b—e) and the values for optimum ablation conditions
were set to a small positive temporal delay of At =5 ns and Fpump = 0.2]/cm?. In the case of
an ablation process solely based on ESA, the pump beam induces the transient absorption
of the spatially and temporally superimposed ESA beam (Figure 1). This requires to prevent
surface modification of the individual beams by ablation [8]. Therefore, all measurements
were performed using laser peak fluences below their respective Fy, (Table 1). This is
indicated in Figure 3b—e where all values are below the vertical dashed lines, originating
at Fy, of the respective ESA-beams. Additionally, to compare the dual-beam process with
single-beam ablation, the diagonal dashed lines show the linear fits of the Fy, calculations,
determined by the fits of Ey, in Figure 3a.

Decreasing Fgsa results in a decreased D? as less additional energy is available to
further excite the already excited electrons. This limits the ablation to an area closer to
the beam center, where the intensity of the Gaussian beam profile is still sufficient for
ablation. Here, the utilizable fluence range for ESA-based ablation extends about one
order of magnitude down to Fgsa & 0.3 J/cm? for A = 450 nm. Slightly below these values,
the ablation spots are characterized by their non-circular shape. By further decreasing
Fgsa, inhomogeneously distributed substructures were observed within the irradiated area.
These surface modifications at low laser fluences are caused by locally enhanced carrier
densities that are generated by either an inhomogeneous laser beam profile or locally
enhanced ablation at dust, scratches, or crystal defects [41]. It has to be noted that the
analysis only includes ablated structures that resulted in distinct and well pronounced
ablation spots, excluding the aforementioned value-ranges.

The comparison of the different ESA wavelengths reveals a similar behavior of the
beams with the highest photon energy at A = 450 and 500 nm showing highly increased
D? when compared to A = 550 and 600 nm at similar fluences (Figure 3b—e). Higher Ep
allow an increased number of populated defect levels to absorb these ESA beams and to
populate the CB by an ESA (Figure 2c). It has to be noted that a single photon absorption
of VB-electrons directly to the CB is not possible at Agsp with Ep < Epg. In addition, a
multiphoton absorption is negligible at the low applied fluences. Furthermore, a transition

155



Materials 2021, 14, 1256

to another defect level is unlikely due to the specific required wavelength. Thus, besides
the intra-band transition of CB-electrons, a transition from defect levels close to the VB into
the CB is the most likely absorption mechanism. The existence of a considerable amount of
these defect levels is confirmed by the characteristic fluorescence (Figure 2a), where the
highest number of emitted photons is attributed to these defect level transitions [42-44].

Thus, with the highest Ep using Agsa = 450 nm is optimal to generate the biggest
ablation spots at the lowest Fgsa (Figure 3b). Here, at Fpump = 0.2]/ cm? (red markers),
even less additional Fgsy was necessary than the single pump beam requires for ablation.
This is indicated by values above the purple line (linear Fy,-fit of Figure 3a).

To analyze the effect of Fpump on the ESA-based ablation, At = 5 ns at the identical
values of Fggp for each wavelength were used. As seen in Figure 3d,e, below Fpump = 0.2
J/cm? no distinct ablation spots can be observed for A = 550 and 600 nm. The utilizable
Fesa range reduces drastically with decreasing Fpump. Without a sufficient excited electron
concentration, the ESA-based ablation process stops abruptly. Only for A = 450 nm at Fyump
=0.02 J/cm? distinct ablation spots can be observed (Figure 3b,c).

3.3.2. Ablation Efficiency

When compared to single-beam ablation, the ESA-based process allows to decrease
the amount of laser energy required for ablation (Table 1). This improvement was evaluated
based on the method of Liu [25]. For this purpose, D? of the ESA-based ablation spots in
Figure 3b-e (for Fpump = 0.2]/cm? at At = 5 ns) was plotted in a semilog plot as a function
of Fgsa. The linear extrapolation allows to calculate the effective ESA-beam diameter 20t
(slope of the fit) and the effective ESA-beam threshold peak fluence Fy,*f (fit intersect at
D? = 0) (Table 2).

Table 2. Calculation of dual-beam ablation parameters (2w Fy,eff) based on the method of Liu [25]
and dual-beam efficiency parameters (Fg, Fgr) determined from Equations (3) and (4).

A [nm] 450 500 550 600
2w [um] 214 20.1 12.8 13
Fin® [J/em?] 0.26 0.83 0.90 0.55
Fg 0.86 2.03 216 1.46
Fer 039 050 0.48 043

Here, the values of 2w for A = 450 and 500 nm are close to their respective 2w of
single-beam ablation. Consequently, almost the entire area of the fluence profile exceeds
the ablation threshold and contributes to the ESA-based ablation. This suggests an effective
utilization of the pulse energy. For A = 550 and 600 nm, the values deviate significantly by
a factor of two, which becomes evident by the decreased slope of the fits in Figure 3d,e.

Similarly to Fy, that defines the minimum required fluence for single-beam ablation,
Fi°ff defines the minimum Fgga at given Fpump that is required for ESA-based dual-beam
ablation. These values decreased by a factor of 5-10, but are still proportional to Fy,. With
the highest Ep, Agsa = 450 nm can utilize the energy, induced by the pump, most optimally.
Here, Fy,*f = 0.26 J/cm is even below Fy, = 0.49 ] /cm? of the single pump beam, indicated
by values above the purple line, as described earlier (Figure 3b).

To evaluate the improvements of the ESA-based process, compared to single-beam
ablation, fluence efficiency

Feff F
Fe = 0o )
th

and total fluence efficiency as the sum of the normalized single-beam fluences

F?]f\f Fpump
Fer = FESA + pPump 4
th th
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were defined (Table 2). For Fg-values below one, the combined fluences of the ESA- and
the pump-beam are still below Fy,P"™P for single-beam ablation (Fg = 1, if Fynoff + Foump
= Fy,P"™P). As already mentioned, only A = 450 nm at At = 5 ns and Fpump = 0.2 ]/ cm?
reached Fg = 0.86. Similarly, replacing the single-beam threshold fluence in Equation (3)
to Fy, of the ESA-beams, allows the comparison of the efficiency improvement with the
ESA-beams. In order to exclude an ordinary accumulation effect of the pump and ESA
beam, Fgr was defined. For Fgr < 1, an additional induced transient absorption must be
considered as part of the ablation process (Table 2).

3.3.3. Ablation Quality

Figure 4a,b show selected single-beam ablation spots for the utilized ESA wavelengths.
At high Fgsa, the absorption of defect levels at the fused silica-ZnO interface leads to
substrate damage (Figure 4a,f). At Fgsa close to Fy,, the ablation spots become increasingly
inhomogeneous (Figure 4b). As described earlier, the further decrease of Fgga results
in only partially interconnected spots inside the beam. In comparison, the pump beam
hits the ZnO-air interface first (Figure 1b) and the fundamental absorption leads to an
almost circular and homogeneous single-beam ablation of the entire ZnO layer (Figure 4c).
When reaching the ZnO-substrate interface, the pump beam is already highly attenuated
preventing abrupt heating and damaging of the substrate (Figure 4h). The maximum d,
observed in the depth profiles (Figure 4g—j) are in good agreement with the calculated layer
thickness d; = 203 nm.

Compared to single-beam ablation, the spot diameters are decreased by the ESA-based
ablation process, indicated by decreased values of waeff when compared to 2wy (Tables
1 and 2). The ablation area is restricted by the superposition of both pulses. This limits
the ablation to the mostly uniform high-intensive center of the pulses and results in an
enhanced ablation quality with circular ablation spots. In comparison to single pump beam
ablation, the absorbed energy and induced heat at the ZnO-air interface is reduced and
homogeneously distributed throughout the entire ZnO-layer. This results in a reduced
melt formation at the edges protruding above the layer surface (Figure 4g—j), as well as
decreasing the surface contamination by resolidified ZnO-droplets around the ablation
spots (Figure 4d,e). By increasing At, these effects are reduced even further, as the heat
dissipates and an ESA at defect levels dominates the ablation process (Figure 4i,j).

The optimization of the parameters allows the complete removal of the ZnO layer without
damaging the fused silica substrate (Figure 4d,i) and a precise control of d, (Figure 4ej). The
reduced Fgsa prevents the fused silica-ZnO interface from abruptly heating to the point
of substrate damage (Figure 4a,f). As the fundamentally absorbed pump beam is focused
on the ZnO-air surface, the initial abrupt heating together with a high concentration of
excited carriers diffuse gradually and homogeneously through the ZnO-layer (dp, = 62 nm).
Optimal ablation conditions were found at At ~ 5 ns. The ZnO layer is already excited by
the pump beam, in particular at the ZnO-substrate interface, where the defects are located
primarily. It thus requires only a low excess of additionally absorbed ESA photons and
energy to ablate the ZnO layer from the fused silica substrate.

3.3.4. Influence of Temporal Pulse Delay

To determine the importance of defect levels compared to absorption solely based on
intra-band transition, the temporal delay between the pulses was varied for different Fgsa
at the fixed optimum of Fpymp = 0.2 ]/cm (Figure 5). At the highest Fgsa, for A = 450 and
500 nm (Figure 5a,b), delays above 300 ns still resulted in a measurable ablation. Compared
to A = 550 and 600 nm (Figure 5c,d), this delay is much larger with At mostly below
50 ns. As the fluorescent lifetime of ZnO band gap electrons is well below 10 ns [42,44],
an ablation at these high At cannot be explained solely by intra-band transition-based
absorption. Thus, the defect levels with their increased fluorescent lifetime serve as the
main driving force [35]. First, the pump beam promotes electrons into CB (Figure 1a). From
there, besides relaxation back to the VB, electrons transfer rapidly to deep defect levels,
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which are suitable as absorption centers for the subsequent ESA beam (Figure 2c). The
decrease of D? and the At-range is almost proportional to Fgsa. Only Fesa-values close to
their respective Fy, deviate from this trend. Especially for A = 550 and 600 nm, these values
increase overproportional at the highest Fgga, where the ESA-beams can almost ablate the
ZnO solely by single-beam ablation.
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Figure 5. D? plotted versus At to determine the optimal delay between the pulses. For excitation, Fpump =0.2]/ cm? was
used at (a) Agsa = 450 nm, (b) Agsa = 500 nm, (c) Agga = 550 nm, (d) Agsa = 600 nm. Fgga was varied in the identical
increments as for Figure 3b (color coded with Fgsa and the Fgga /Fy,-ratio). In the top-right corners, the section of short At

is extended.

Figure 5c,d reveals deviations from this trend, especially for A = 550 and 600 nm,
where the values increase overproportionately at the highest values of Fgsa. These fluence
values are close the respective ablation thresholds, which almost allow ablation of the ZnO
layer solely by the ESA beam.

At low temporal delays (At < 10 ns), the impact of Agsy is less pronounced (Figure 5).
Here, the effect of an intra-band transition and sample heating dominates as the beams still
overlap. For A = 550 and 600 nm, an increasing At leads to a rapidly decreasing D? because
the defect level absorption emerging as the dominant process is only utilized effectively at
A =450 and 500 nm. As shown in Figure 1c, at At = +5 and —5 ns, the temporal overlap is
similar, but the resulting D? differ significantly, as prior excitation of electrons by the pump
beam is required for ESA.

Exemplary, for A = 500 nm at Fggp =4.51]/ cm?, At was varied in one ns-steps between
At = —5 to +10 ns to analyze the area of temporal beam overlap in more detail (Figure 5b). At
the optimum conditions around At ~ 5 ns, the highest number of prior excited electrons is
available for an ESA (Figure 1c). At At = 0 ns, where both beams overlap optimally, the
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excited electrons are only partially used for the ESA, as parts of the radiation excite carriers
after the highest intensity of the ESA beam reaches the sample. At negative temporal
delays and further decreasing beam overlap, only minor ablation is observed for Fgsa close
to Fy,. Here, the number of excited electrons is insufficient to reach the required ablation
threshold. Increasing At above the optimum also leads to a decreasing D?-values. However,
the rate is much lower than for negative delays.

At At < 50 ns, the heat generated by the pump excitation must be considered, as it
effects the ablation process considerably, particularly close to the temporal beam overlap
(Figure 1c). Here, increased sample temperatures act as an offset for the ESA, as less
additionally absorbed energy is required for ablation. Thus, a wider area of the ESA beam
surpasses Fy,, resulting in increased D2 Foump =0.2]/ cm?, well below Fy, = 0.49 J/cm?
was used to reduce sample heating.

For polycrystalline ZnO-layers, thermal conductivities ky, < 10 W/m:K are found in
literature, which is well below kg, ~ 30-100 W/m-K for epitaxially grown or bulk ZnO [45-49].
The thermal diffusion length is determined by u = 2( oh- A5 with oy, = ke, /oy where cy
is the volumetric heat capacity with about 2.4-2.8-10° J/m3-K [47,49]. With dp =62 nm,
most of the heat is created by the pump beam at the ZnO-air interface. It takes about
5 ns to reach the ZnO—fused silica interface, where the highest defect concentration and
thus, the strongest ESA is expected. This is in good agreement with the ablation maximum
measured at a delay of about 5 ns.

Furthermore, the rapid D?-decrease in the delay range 20-50 ns (Figure 5) can be
attributed to heat dissipation and correlates with literature values [45,50]. As 2wy is
about 100 times larger than di. and p for the time scale in consideration, one-dimensional
heat conduction can be assumed [47,51,52]. Here, the heat should be mostly dissipated.
Consequently, the defect level absorption is now the dominant factor for ESA, and it is no
longer superimposed by pump beam heating. At higher At, the ablation slowly decreases
due to the finite fluorescent lifetime of the defect level electrons that slowly lowers the
available excited electron density for the ESA [43,53].

4. Conclusions

In the present study, we investigated a dual-beam laser process based on ESA by
applying several wavelengths (Apump = 355 nm, Agsa = 450, 500, 550, 600 nm) at various
Fpump and Fgsa. The ESA-beams with the highest photon energies produced the largest
ablation spots at the lowest beam fluences. A small temporal delay of +5 ns is optimal for
the dual-beam ablation process, as it utilizes a combination of heat and excited carriers
for increased absorption. Longer temporal delays result in heat dissipation and quickly
lower the ablation diameters. Now, the ESA beam absorption is determined solely by the
excited carrier concentration. The quality of the ablation spots was improved by reducing
the debris and melt formation and the required laser energy was decreased. Furthermore, a
model for the evaluation of the ESA-based efficiency improvement was developed. Based
on these findings, future investigations on a combination of STED and ESA with regards to
STED direct writing processes were advanced.

Author Contributions: Conceptualization, C.W. and S.E.; data curation, C.W.; formal analysis, S.G.
and FA.M.; funding acquisition, S.E., S.G., and EA.M.; investigation, C.W. and S.E.; methodology,
C.W. and S.E.; project administration, S.G. and FEA.M.; resources, F.A.M.; software, C.W.; supervision,
S.G. and EAM,; validation, C.W., S.E., and F.A.M.; visualization, C.W.; writing—original draft, C.W.;
writing—review and editing, S.E., S.G., and EA.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the German Research Foundation (DFG), grant number
GR4710/4-1.

Conflicts of Interest: The authors declare no conflict of interest.

159



Materials 2021, 14, 1256

References

1. Hell, SW.; Wichmann, J. Breaking the diffraction resolution limit by stimulated emission: Stimulated-emission-depletion
fluorescence microscopy. Opt. Lett. 1994, 19, 780-782. [CrossRef] [PubMed]

2. Klar, T.A.; Hell, S.W. Subdiffraction resolution in far-field fluorescence microscopy. Opt. Lett. 1999, 24, 954-956. [CrossRef]

3. Rittweger, E.; Han, K.Y;; Irvine, S.E.; Eggeling, C.; Hell, S.W. STED microscopy reveals crystal colour centres with nanometric
resolution. Nat. Photon. 2009, 3, 144-147. [CrossRef]

4. Gottfert, F; Wurm, C.A.; Mueller, V.; Berning, S.; Cordes, V.C.; Honigmann, A.; Hell, S.W. Coaligned dual-channel STED
nanoscopy and molecular diffusion analysis at 20 nm resolution. Biophys. J. 2013, 105, LO1-L03. [CrossRef]

5. Malinauskas, M.; Farsari, M.; Piskarskas, A.; Juodkazis, S. Ultrafast laser nanostructuring of photopolymers: A decade of
advances. Phys. Rep. 2013, 533, 1-31. [CrossRef]

6. Frolich, A.; Fischer, J.; Zebrowski, T.; Busch, K.; Wegener, M. Titania woodpiles with complete three-dimensional photonic
bandgaps in the visible. Adv. Mater. 2013, 25, 3588-3592. [CrossRef] [PubMed]

7. Sugioka, K.; Meunier, M.; Piqué, A. Laser Precision Microfabrication; Springer: Berlin, Germany, 2010; Volume 135.

8. Engel, S.; Wenisch, C.; Grif, S.; Miiller, F. Sub-diffraction direct laser writing by a combination of STED and ESA. In Laser-Based
Micro-and Nanoprocessing XIV; International Society for Optics and Photonics, SPIE LASE: San Francisco, CA, USA, 2020; p.
112680D.

9. Wenisch, C,; Engel, S.; Gréf, S.; Miiller, EA. Fundamentals of a new sub-diffraction direct laser writing method by a combination
of stimulated emission depletion and excited state absorption. J. Laser Micro Nanoeng. 2020, 15, 169-173.

10. Théberge, F.; Chin, S. Enhanced ablation of silica by the superposition of femtosecond and nanosecond laser pulses. Appl. Phys. A
2005, 80, 1505-1510. [CrossRef]

11.  Zhang, ].; Sugioka, K.; Takahashi, T.; Toyoda, K.; Midorikawa, K. Dual-beam ablation of fused silica by multiwavelength excitation
process using KrF excimer and F2 lasers. Appl. Phys. A 2000, 71, 23-26.

12.  Obata, K.; Sugioka, K.; Akane, T.; Midorikawa, K.; Aoki, N.; Toyoda, K. Efficient refractive-index modification of fused silica by a
resonance-photoionization-like process using F 2 and KrF excimer lasers. Opt. Lett. 2002, 27, 330-332. [CrossRef]

13.  Sugioka, K.; Wada, S.; Tashiro, H.; Toyoda, K. Ablation of wide band-gap materials by multi-wavelength irradiation using a VUV
Raman laser. Appl. Surf. Sci. 1997, 109, 179-183. [CrossRef]

14.  Zhang, ].; Sugioka, K.; Wada, S.; Tashiro, H.; Toyoda, K. Direct photoetching of single crystal SiC by VUV-266 nm multiwavelength
laser ablation. Appl. Phys. A 1997, 64, 367-371. [CrossRef]

15.  Zhang, J.; Sugioka, K.; Wada, S.; Tashiro, H.; Toyoda, K.; Midorikawa, K. Precise microfabrication of wide band gap semiconduc-
tors (SiC and GaN) by VUV-UV multiwavelength laser ablation. Appl. Surf. Sci. 1998, 127, 793-799. [CrossRef]

16. Akane, T.; Sugioka, K.; Hammura, K.; Aoyagi, Y.; Midorikawa, K.; Obata, K.; Toyoda, K.; Nomura, S. GaN ablation etching by
simultaneous irradiation with F 2 laser and KrF excimer laser. J. Vac. Sci. Tech. B Microelectron. Nanometer Struct. Proces. Meas.
Phenom. 2001, 19, 1388-1391. [CrossRef]

17.  Obata, K.; Sugioka, K.; Midorikawa, K.; Inamura, T.; Takai, H. Deep etching of epitaxial gallium nitride film by multiwavelength
excitation process using F 2 and KrF excimer lasers. Appl. Phys. A 2006, 82, 479-483. [CrossRef]

18. Zoppel, S.; Zehetner, J.; Reider, G.A. Two color laser ablation: Enhanced yield, improved machining. Appl. Surf. Sci. 2007, 253,
7692-7695. [CrossRef]

19.  Zoppel, S.; Merz, R.; Zehetner, J.; Reider, G.A. Enhancement of laser ablation yield by two color excitation. Appl. Phys. A 2005, 81,
847-850. [CrossRef]

20. Djurisi¢, A.; Ng, AM.C.; Chen, X. ZnO nanostructures for optoelectronics: Material properties and device applications. Prog.
Quantum Electron. 2010, 34, 191-259. [CrossRef]

21. Ogata, K,; Sakurai, K.; Fujita, S.; Fujita, S.; Matsushige, K. Effects of thermal annealing of ZnO layers grown by MBE. J. Cryst.
Growth 2000, 214, 312-315. [CrossRef]

22.  Markovi¢, S.; Simatovi¢, 1.S.; Ahmetovié, S.; Veselinovi¢, L.; Stojadinovi¢, S.; Rac, V.; gkapin, S.D.; Bogdanovi¢, D.B.; Castvan, L],
Uskokovi¢, D. Surfactant-assisted microwave processing of ZnO particles: A simple way for designing the surface-to-bulk defect
ratio and improving photo (electro) catalytic properties. RSC Adv. 2019, 9, 17165-17178. [CrossRef]

23.  Wang, X,; Lim, G.; Zheng, H.; Ng, F; Liu, W.; Chua, S. Femtosecond pulse laser ablation of sapphire in ambient air. Appl. Surf. Sci.
2004, 228, 221-226. [CrossRef]

24. Rudolph, P; Bonse, J.; Kriiger, J.; Kautek, W. Femtosecond-and nanosecond-pulse laser ablation of bariumalumoborosilicate glass.
Appl. Phys. A 1999, 69, S763-5766. [CrossRef]

25.  Liu, J. Simple technique for measurements of pulsed Gaussian-beam spot sizes. Opt. Lett. 1982, 7, 196-198. [CrossRef]

26. Swanepoel, R. Determination of the thickness and optical constants of amorphous silicon. J. Phys. E Sci. Instrum. 1983, 16, 1214.
[CrossRef]

27.  Sernelius, B.E.; Berggren, K.-F; Jin, Z.-C.; Hamberg, I.; Granqvist, C.G. Band-gap tailoring of ZnO by means of heavy Al doping.
Phys. Rev. B 1988, 37, 10244. [CrossRef]

28. Tauc, J.; Grigorovici, R.; Vancu, A. Optical properties and electronic structure of amorphous germanium. Phys. Stat. Solidi B 1966,
15, 627-637. [CrossRef]

29. Farrag, A.A.-G.; Balboul, M.R. Nano ZnO thin films synthesis by sol-gel spin coating method as a transparent layer for solar cell

applications. . Sol. Gel Sci. Technol. 2017, 82, 269-279. [CrossRef]

160



Materials 2021, 14, 1256

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

Shaaban, E.; Yahia, I.; EI-Metwally, E. Validity of Swanepoel’s method for calculating the optical constants of thick films. Acta
Phys. Pol. Ser. A Gen. Phys. 2012, 121, 628. [CrossRef]

Xue, S.; Zu, X.; Zhou, W.; Deng, H.; Xiang, X.; Zhang, L.; Deng, H. Effects of post-thermal annealing on the optical constants of
ZnO thin film. J. Alloys Compd. 2008, 448, 21-26. [CrossRef]

Xu, P; Sun, Y,; Shi, C.; Xu, E; Pan, H. The electronic structure and spectral properties of ZnO and its defects. Nucl. Instrum.
Methods Phys. Res. Sec. B Beam Interact. Mater. Atoms 2003, 199, 286-290. [CrossRef]

Wang, T.; Zheng, S.; Hao, W.; Wang, C. Studies on photocatalytic activity and transmittance spectra of TiO2 thin films prepared
by rf magnetron sputtering method. Surf. Coat. Technol. 2002, 155, 141-145. [CrossRef]

Caglar, M.; Caglar, Y;; Ilican, S. The determination of the thickness and optical constants of the ZnO crystalline thin film by using
envelope method. ]. Optoelectron. Adv. Mater. 2006, 8, 1410.

Han, N.S.; Shim, H.S.; Seo, ].H.; Kim, S.Y.; Park, S.M.; Song, ].K. Defect states of ZnO nanoparticles: Discrimination by time-
resolved photoluminescence spectroscopy. J. Appl. Phys. 2010, 107, 084306. [CrossRef]

Lin, B.; Fu, Z.; Jia, Y. Green luminescent center in undoped zinc oxide films deposited on silicon substrates. Appl. Phys. Lett. 2001,
79,943-945. [CrossRef]

Johnson, J.C.; Knutsen, K.P; Yan, H.; Law, M.; Zhang, Y.; Yang, P.; Saykally, R.J. Ultrafast carrier dynamics in single ZnO nanowire
and nanoribbon lasers. Nano Lett. 2004, 4, 197-204. [CrossRef]

Sugioka, K.; Midorikawa, K. VUV-UV multiwavelength excitation process for high-quality ablation of fused silica. In Damage
to VUV, EUV, and X-Ray Optics IV; and EUV and X-Ray Optics: Synergy between Laboratory and Space 11I; International Society for
Optics and Photonics, SPIE OPTICS + OPTOELECTRONICS: Prague, Czech Republic, 2013; p. 877704.

Mardare, D.; Tasca, M.; Delibas, M.; Rusu, G. On the structural properties and optical transmittance of TiO2 rf sputtered thin
films. Appl. Surf. Sci. 2000, 156, 200-206. [CrossRef]

Martin, S.; Hertwig, A.; Lenzner, M.; Kriiger, J.; Kautek, W. Spot-size dependence of the ablation threshold in dielectrics for
femtosecond laser pulses. Appl. Phys. A 2003, 77, 883-884. [CrossRef]

Bonse, J.; Baudach, S.; Kriiger, J.; Kautek, W.; Lenzner, M. Femtosecond laser ablation of silicon-modification thresholds and
morphology. Appl. Phys. A 2002, 74, 19-25. [CrossRef]

Layek, A.; Manna, B.; Chowdhury, A. Carrier recombination dynamics through defect states of ZnO nanocrystals: From
nanoparticles to nanorods. Chem. Phys. Lett. 2012, 539, 133-138. [CrossRef]

Tang, A.-H.; Mei, Z.-X.; Hou, Y.-N.; Du, X.-L. Photodynamics of GaZn-VZn complex defect in Ga-doped ZnO. Chin. Phys. B 2018,
27,117802. [CrossRef]

Ozgﬁr, U.; Alivov, Y.I; Liu, C.; Teke, A.; Reshchikov, M.; Dogan, S.; Avrutin, V.; Cho, S.-J.; Morkog, A.H. A comprehensive review
of ZnO materials and devices. . Appl. Phys. 2005, 98, 11. [CrossRef]

Huang, Z.X,; Tang, Z.A.; Yu, |.; Bai, S. Thermal conductivity of nanoscale polycrystalline ZnO thin films. Phys. B Condens. Matter
2011, 406, 818-823. [CrossRef]

Akhir, RM.; Abd Wahab, Z. Thermal diffusivity studies of ZnO-CuO at high temperatures. J. Teknologi 2015, 76, 19-23.
Yamashita, Y.; Honda, K.; Yagi, T.; Jia, J.; Taketoshi, N.; Shigesato, Y. Thermal conductivity of hetero-epitaxial ZnO thin films on
c-and r-plane sapphire substrates: Thickness and grain size effect. J. Appl. Phys. 2019, 125, 035101. [CrossRef]
Alvarez-Quintana, J.; Martinez, E.; Pérez-Tijerina, E.; Pérez-Garcia, S.; Rodriguez-Viejo, J. Temperature dependent thermal
conductivity of polycrystalline ZnO films. J. Appl. Phys. 2010, 107, 063713. [CrossRef]

Xu, Y.; Goto, M.; Kato, R.; Tanaka, Y.; Kagawa, Y. Thermal conductivity of ZnO thin film produced by reactive sputtering. J. Appl.
Phys. 2012, 111, 084320. [CrossRef]

Nedyalkov, N.; Koleva, M.; Nikov, R.; Atanasov, P.; Nakajima, Y.; Takami, A.; Shibata, A.; Terakawa, M. Laser nanostructuring of
ZnO thin films. Appl. Surf. Sci. 2016, 374, 172-176. [CrossRef]

Diez, M.; Ametowobla, M.; Graf, T. Time-resolved reflectivity and temperature measurements during laser irradiation of
crystalline silicon. J. Laser Micro Nanoeng. 2017, 12, 230-234.

Jiang, P.; Qian, X.; Yang, R. Time-domain thermoreflectance (TDTR) measurements of anisotropic thermal conductivity using a
variable spot size approach. Rev. Sci. Instrum. 2017, 88, 074901. [CrossRef] [PubMed]

Zhong, Y.; Djurisic, A.B.; Hsu, Y.E; Wong, K.S.; Brauer, G.; Ling, C.C.; Chan, W.K. Exceptionally long exciton photoluminescence
lifetime in ZnO tetrapods. . Phys. Chem. C 2008, 112, 16286-16295. [CrossRef]

161






./ [ ]
{g%i materials

Article

Backward Flux Re-Deposition Patterns during Multi-Spot Laser
Ablation of Stainless Steel with Picosecond and Femtosecond

Pulses in Air

Tong Zhou !, Sebastian Kraft 2, Walter Perrie 1*, Jérg Schille ?, Udo Loschner ?, Stuart Edwardson !

and Geoff Dearden !

Citation: Zhou, T.; Kraft, S.; Perrie,
W.; Schille, J.; Léschner, U.;
Edwardson, S.; Dearden, G.
Backward Flux Re-Deposition
Patterns during Multi-Spot Laser
Ablation of Stainless Steel with
Picosecond and Femtosecond Pulses
in Air. Materials 2021, 14, 2243.
https://doi.org/10.3390/
mal4092243

Academic Editors: Jorg Kriiger and

Jorn Bonse

Received: 20 March 2021
Accepted: 23 April 2021
Published: 27 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Laser Group, School of Engineering, University of Liverpool, Brownlow Street, Liverpool L69 3GH, UK;
pstzhoud@liverpool.ac.uk (T.Z.); meOu5040@liverpool.ac.uk (S.E.); gdearden@liverpool.ac.uk (G.D.)
Laserinstitut Hochschule Mittweida, Hochschule Mittweida University of Applied Sciences,
Technikumplatz 17, 09648 Mittweida, Germany; kraft@hs-mittweida.de (S.K.); schille@hs-mittweida.de (J.S.);
loeschne@hs-mittweida.de (U.L.)

Correspondence: wpfemtol@liverpool.ac.uk

Abstract: We report on novel observations of directed re-deposition of ablation debris during the
ultrafast laser micro-structuring of stainless steel in the air with multi-beams in close proximity on
the surface. This interesting phenomenon is observed with both 10 ps and 600 fs NIR laser pulses at
5 kHz repetition rate. Ablation spot geometries could be altered with the use of beam splitting optics
or a phase-only Spatial Light modulator. At low fluence (F ~ 1.0 ] cm~2) and pulse exposure of a
few hundred pulses, the debris appears as concentrated narrow “filaments” connecting the ablation
spots, while at higher fluence, (F ~ 5.0 ] cm2) energetic jets of material emanated symmetrically
along the axes of symmetry, depositing debris well beyond the typical re-deposition radius with a
single spot. Patterns of backward re-deposition of debris to the surface are likely connected with the
colliding shock waves and plasma plumes with the ambient air causing stagnation when the spots
are in close proximity. The 2D surface debris patterns are indicative of the complex 3D interactions
involved over wide timescales during ablation from picoseconds to microseconds.

Keywords: laser ablation; ultrafast; re-deposition

1. Introduction

The interaction of intense ultrafast laser radiation with atoms, gases and solid materials
has led to remarkable scientific advances such as High Harmonic Generation for attosecond
spectroscopy [1,2], the use of filamentation for atmospheric probing [3,4], two-photon
microscopy [5,6] and intraocular fs-LASIK in eye surgery [7]. In particular, laser ablation
(LA) of materials with ps and sub-ps temporal pulse length has advanced materials analysis
in areas such as Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS)
[8-10] and Laser-Induced Breakdown Spectroscopy (LIBS) [11,12]. With temporal pulse
lengths <10 ps in ultrafast laser ablation, the instantaneous energy deposition reduces
plasma absorption while minimizing melt and thermal diffusion during the pulse and
yield high precision material removal [13,14]. This allows for easy generation of plasmonic,
interferometric and hierarchical microstructures on, for example, stainless steel [15-17].
In metals, which have absorption coefficients typically o ~ 10° cm~!, a thin layer with
thickness d ~ 10-30 nm is converted to a plasma at a solid density which expands well
after the pulse is absorbed [18,19].

In vacuo, laser ablation can be described as a free expansion [20-23] while the laser
plume which develops in the presence of an environmental gas is physically much more
complex involving timescales from picosecond to nanosecond and microsecond. After
electron heating during the pulse, the lattice heats typically over a few picoseconds due
to e-phonon coupling, raising the surface temperature well above the evaporation point.
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This results in fast surface electron emission due to thermionic [24] or multi-photon ab-
sorption [25,26] and a remarkable early stage “air plasma” can develop during the first
150 ps [27,28], with electron density ne ~ 102 cm 3 and a transient electric field developing
above the surface [29].

On the nanosecond timescale in air, the plasma plume expands rapidly and initially
longitudinally (at speed v ~ 10® cm s71), colliding with the high density of surrounding
gas molecules, (Ny,m ~ 2.6 x 10" cm™3), confining the plasma to the surface region while
creating a blast (shock) wave which moves ahead of the plume [30-34]. As the longitu-
dinal expansion decelerates rapidly, the plasma expands laterally after a few x100 ns
(Viat ~ 10° cm s71) and can form a vortex structure with plasma plume concentrated at
the ablation spot edge [35]. Transient electron temperatures in the plasma can reach
Te >> 10* K [24], then plasma cooling (over a few hundreds of ns to ps) occurs due to
plasma expansion, electron-ion recombination and collisions with the background gas
molecules. When thermal equilibrium is achieved in the plasma (~100 ns), this is the regime
for LIBS and material analysis with fluorescence from highly excited atoms/ions [33,34].
As the plasma cools further, molecular species are formed at later times (~2-50 us) due to
atomic collisions, recombination and oxidation occur after the shock wave collapses [36].
Aerosols and nanoclusters are generated during a nucleation-condensation process with
nanoparticle agglomerates re-deposited symmetrically by backward flux around a single
spot [35,37]. While time-resolved spectral information using gated ICCDs can help eluci-
date the plasma dynamics, time-resolved scattering can detect nanoparticle formation and
re-deposition on the microsecond timescale [35].

Debris re-deposition was first investigated during UV, excimer micro-structuring of
polymers (e.g., Polyimide, PI), responsible for the developing cone structure with debris
field dependent on spot shape, inferring strong horizontal forces close to the substrate
surface [38]. Apparent field rotations with non-spherical spots were numerically modelled
as a purely gas dynamic effect [39]. The debris radius was also shown to follow blast
wave theory during excimer ablation of polyimide in air and inert gases [40]. Time-
delayed (20-80 us delay) weak emission detected at the plume periphery consisted mainly
of continuum radiation consistent with thermal radiation from solid particles [20]. The
difference in ablation geometries observed with a linear array of closely spaced ablation
spots inferred stronger plume interactions in the middle [41]. Monte Carlo simulation
of the expansion of a copper plasma in the presence of a background gas (Ar) shows
compression of the ambient gas atoms by the plume (snowplough effect) for pressures
>50 Pa and narrowing of the plume with increasing pressure while predicting backward
plume motion and vortical flow at the plume periphery [42]. In the case of excimer ablation
of stainless steel in air, (F = 10 ] cm~2/308 nm /25 ns) time-resolved ICCD images of
the ablation plume up to 10 us delay show this developing vortical structure after 1 us
and fully developed at 10 us delay with a high density of nanoparticles deposited at the
periphery [35]. Time-resolved light scattering during ablation also demonstrated that
debris re-deposition occurred over a time delay of 1-60 ps after the pulse.

Polymers (such as PI, a photoresist) have strong absorption coefficients o > 10* cm ™
in the UV leading to electronic excitation and “cold” ablation via direct bond breaking [43].
In the air, a plasma plume, carbonization (thermal component) and re-deposition around
the ablation spot occurs but can be minimized using, for example, H; as a reactive, ambient
gas [44]. Low ablation thresholds Fy, <50 m J ecm—2and precise etch rates from 25 nm/pulse
are observed [45]. On steel, UV (248 nm/25 ns) ablation re-deposition generates iron oxide
nanoparticles with a wide distribution ¢ = 2-20 nm while at 500 fs/248 nm, this narrows
to @ =3 4+ 2 nm [46]. The use of NIR, ns pulses result in the incorporation of nitrogen, as
well into the re-deposited layer [47].

More recently, there has been an emphasis on temporal plume expansion with bursts
of ultrashort pulses [48], and with a very high repetition rate USP Lasers [49,50] driven by
the requirement to increase material ablation rates through a better understanding of the
plume expansion and plasma absorption by the following pulses.

1
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The interaction dynamics of shock waves during fs laser multi-spot ablation at a
water/air interface were recently observed using transient reflection creating colliding
supersonic airflows [51,52]. The authors point to the potential for producing focussed
ablation plumes relevant to pulsed laser thin film deposition [53,54]. This idea has been
investigated here using the observed backward re-deposition patterns from multi-spot
ultrafast laser ablation on stainless steel as a novel approach highlighting the resulting
plasma plume and shock wave interactions. Symmetric jets, with debris ejected at right
angles to the spot axis are reported for the first time, and we present a tentative explanation
of the physics behind these observations. The results may well impact the crucial area of
Laser-Induced Forward Transfer of nanoparticle thin films at ambient pressure [55,56].

2. Materials and Methods

Experiments were carried out with two separate laser and optical systems based at
the Universities of Liverpool and Mittweida where the temporal pulse lengths available
were 10 ps and 600 fs, respectively. Figure 1 shows a schematic of the optical system in Liv-
erpool. The output from a Nd:VAN seeded Regenerative amplifier (High-Q IC-355-800 ps,
10 ps/1064 nm Photonic Solutions Ltd., Edinburgh, UK) was attenuated, expanded (x3),
then directed at low AOI to a phase-only Spatial Light Modulator (SLM, Hamamatsu-10468-
03, Hamamatsu Photonics, Hamamatsu, Japan) for generating multi-spot patterns and
focussed to a sample mounted on a three-axis stage able to bring the substrate surface to the
focal plane. Computer Generated Holograms (CGHs) controlling spot numbers and separa-
tion on the substrate were generated using Inverse Fourier Transforms in the Hamamatsu
software, while a pick-off optic (not shown) could direct spot patterns to a CCD camera
prior to multi-spot ablation. This allows precise electronic control of spot separation with
no mechanical movements. A 4f optical system (f; = f; = 400 mm) relayed the modulated
beam from the SLM (addressed with CGHs) to the input aperture of a galvo system which
directed the beams to the target surface, focussed by an f-theta lens (f = 100 mm). A fast-
mechanical shutter (Thorlabs SHO5, Thorlabs Ltd., Ely, UK) allowed the pulse number on
target to be varied, synchronised to the scanning software (SCAPS GmbH). The expanding
plumes were imaged to a time-resolved spectrometer (Andor Shamrock, model SR303i
with intensified CCD, iStar 734, 2 ns gate width, Andor Technology Ltd., Belfast, UK) and
synchronised from the 5 kHz Regenerative amplifier.

Laser

Galvo| -

<

3 CGH

T applied %
(=] on SLM

2

(0]

a

Andor 303i

Figure 1. Optical set-up for 10 ps/5 kHz multi-spot ablation of stainless steel in the air. An attenuated
and expanded beam from a Nd:Van Regen amplifier is directed to the phase-only SLM at low AOI
then imaged via a 4f optical system (f = 400 mm) to the galvo input aperture. Appropriate phase-only
CGH'’s could create arbitrary spot geometries and separations at the steel surface. A time-resolved
spectrometer with triggered ICCD (synchronised to Regen amplifier) allowed measurement of the
spectral plasma dynamics by focusing the plasma emission on a fibre coupler.
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Figure 2 shows a schematic of the optical system for 600 fs /5 kHz double spot ablation
(Mittweida). The pump laser (FX-Series, edgewave GmbH, 1030 nm /600 fs, Wiirselen,
Germany) output was attenuated by HWP/polarising beam splitter BS. Afterwards, a
second HWP/PBS combination produce two optical lines (1,2) with adjustable power
distribution. Line 1 path length was altered by translating mirrors M (1.1) and M (1.2) to
synchronise the ablation spots temporally. This synchronisation is proven by the ablation
interference patterns with Line 2 at the sample surface. The ablation spot separation
was adjusted by slightly tilting mirror M (1.4). Both lines were focussed onto the sample
surface by an f = 100 mm optic L2. At the focal plane, the laser spot radii are wg = 15 um.
A spot monitor (CCD) on the level of the material surface to enable a precise temporal
and geometrical adjustment. A probe laser (Cavilux, Fa. Cavitar Ltd., 688 nm/13 ns,
Tampere, Finland) electronically synchronised to the pump laser allowed pump-probe
shadowgraphy of expanding plasma plumes. The shadowgraphs were recorded with a
14-bit cooled CCD camera (pco.1600, PCO AG, Kelheim, Germany).

polarization
M(0.1)  A2(1) é A/2(0)
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Figure 2. Scheme of the optical set-up for double spot ablation with simultaneous shadowgraphy
of stainless steel in the air. The pump laser, probe laser and axis and shadowgraph capture were
electrically synchronised. The attenuated and split pump beams are focussed and temporally
overlapped at the sample surface by one optic lens L2. The temporal (by moving M (1.1) and
M (1.2)) and geometrical adjustment (by tilting M (1.4)) can be monitored with a spot monitor in the
focal plane.

3. Results
3.1. 2-Spot Ablation with 10 ps Pulses at 1064 nm/5 kHz Repetition Rate

The substrate used was ANSI 304 stainless steel and optically polished to a roughness
Ra ~50 nm. The focussed single beam diameter was measured from the observed ablation
crater diameters with increasing pulse energy [57] and found to be ¢ =22.2 4+ 0.2 um. No
significant variation with multi-spot geometry was found. Single-pulse ablation threshold
(N = 1) was measured to be Fy, = 0.29 & 0.01 ] cm~? decreasing with pulse number, and
incubation coefficient measured to be S = 0.85 £ 0.01 in excellent agreement with the
literature [58]. Figure 3 shows the re-deposition patterns observed during two spot ablation
with 10 ps laser ablation of stainless steel in air while varying separation and pulse number
at fluence F = 0.90 J cm~2, (a) 200 pulses, (b) 400 pulses (c), 800 pulses, all 75 um separation,
(d)—(f) 95 um separation, (g)—(i) and 145 pm separation, respectively. It required multi-
hundred pulse exposure to observe debris for good optical contrast. The ablation debris is
concentrated between the spots at d = 75 um separation with a width comparable to the
ablation spot diameter, while at 95 um separation this narrows to around a 10 um wide
“filament”. The concentration of this directed re-deposition, observed at low fluence, is
an interesting phenomenon, indicating transient forces during the plume expansion and
collisions with the air, resulting in some ablation debris acquiring momentum components
preferentially directed along the axis between the spots. There is evidence also that at the
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midplane, some debris is expanding normal to the axis. As spot separation increased to
145 pm at this fluence, there was negligible interaction between the plumes. The debris
radius near spots R4 ~ 30 um.

200 pulses 400 pulses 800 pulses 0.90+0.03 J/cm?
(a) © (b) (c) per spot

75 pm
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Figure 3. Optical images of observed two spot re-deposition during 10 ps laser ablation of stainless steel in air while varying
spot separation and pulse number at F = 0.90 ] cm™2, (a) 200 pulses, (b) 400 pulses, (c) 800 pulses, all 75 pm separation,
(d—f) 95 um separation, (g—i) 145 um separation respectively. Debris is concentrated in a filament between the spots at
75 um, thinning to a line about 10 um wide at 95 um spot separation. No interaction between the spots is observed at
145 um separation at this low fluence.

The effect on debris re-deposition of increasing fluence to F = 4.51 ] cm~2 on stainless

steel is shown in the optical images of Figure 4a—i. At this higher fluence in Figure 4a—c,
we observe diverging debris jets ejected normal to the spot axis. This extends to a radial
distance of Rjet ~200 um, well beyond that around each spot Ry ~ 30 pum, inferring that
an energetic process may be involved. In Figure 4b,c, with increased exposure, removal
of debris from the surface between the spots (in the form of two slightly curved lines)
supports the view that strong shock wave interactions between the colliding plumes during
ablation may be responsible, clear in Figure 4¢,f. These effects essentially disappear at the
highest, 145 um separation with a return to the concentration of material between the spots
Figure 4g—i, similar to the patterns at low fluence (Figure 3). The tiny ablation spots along
the axis are due to low energy ghost beams appearing during multi-pulse exposure, while
the top spot is the remaining zero order. Their presence here helps detect local physical
effects of shock wave and air movements affecting the debris motion.
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Figure 4. Optical images of observed two spot re-deposition during 10 ps laser ablation of stainless steel in air while varying
spot separation and pulse number at fluence F = 4.51 ] cm™2, (a) 200 pulses, (b) 400 pulses (c) 800 pulses, all 75 um spot
separation, (d—f) 95 um separation, (g-i) 145 um separation. At this higher fluence in (a—c), we observe diverging debris jets
ejected normal to the spot axis while in (c,f), removal of surface debris by shock waves is apparent. These effects essentially
disappear at the highest separation with a return to the concentration of material between the spots (g-i). The tiny ablation
spots along the axis are due to low energy ghost beams while the top spot remains zero order.

3.2. Ablation Rates and Debris Radii (10 ps Pulses)

The measured ablation volume/pulse of single and two spot geometries with pulse
number N is shown in Figure 5a for a fluence F =2.9] cm 2 (Ep = 6 yJ/pulse). These
results confirm that ablation rates are essentially independent of spot geometry and spot
separation when N > 200, whether single or double spot, within experimental error.
Hence, the proximity of the spots does not affect ablation rates significantly. The ablation
volume/pulse V ~ 5.7 um3/pulse corresponding to a mass ablation M ~ 0.05 ng/pulse.
Crater volumes and geometries were measured with a white light interferometer, Wyko
NT3300. The single spot debris radius and jet radius with pulse energy and exposure
are shown in Figure 5b on an Ln-Ln plot. This confirms that the debris radii follow a
power-law R « E%4 for a single spot while the much higher Jet debris radii, Rjet o EO4L,
This relationship approximates that predicted by blast wave theory [59], however, higher
than the expected R « E'/3 which has also been observed by other authors [60].
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Figure 5. (a) Measured ablation volume versus pulse number for single and double spot ablation at d = 75 um, 95 um and
145 pm separation with fluence F = 2.9 ] em~2/spot (Ep = 6 pJ /spot). Spot geometry does not affect ablation volume for
N > 200, within experimental error, (b) Observed single spot debris radius and jet radius with pulse energy and exposure
on an Ln-Ln plot. The radii follow a power-law R o E®47 for debris and Rjet E%4! respectively.

3.3. SEM Imaging of the Debris Fields, Two Spot Patterns

Figure 6a—d shows a series of SEM images of ablation debris from two spot ablation of
stainless steel in the air with 10 ps pulses at low fluence F = 0.9 J cm 2, N = 800 pulses and
spot separation d = 75 um. The concentration of debris between spots is clear in Figure 6a,
with evidence of some material ejected normal to the spot axis in the centre. At low
fluence, there are two main components to the debris—particle agglomerates appear on the
collision plane (and around the spots), while solid spherical nanoparticles with diameters
50-150 nm appear at the spot edge, Figure 6b. These are likely formed during collisions
of the expanding plumes and condensed from the stagnation region at the midplane.
Figure 6¢ (2000x) shows the particle agglomerates near the centre at higher magnification
while Figure 6d (35,000x) confirms that the particle agglomerate consists of both solid
np’s and agglomerated chains of fine np’s. There is a significant change in the nature of
the debris generated at higher fluence, F = 4.8 ] cm~2, as shown in the SEM images of
Figure 6e-h. Deposition now produces a thick deposit near the ablation spots while the
shock waves lift material from the surface between the spots Figure 6e and deposit well
away from the spots, Figure 6f. Figure 6g/h, with increasing magnification show that this
jet debris consists of np chain agglomerates and is almost devoid of solid nanoparticles.
This is consistent with higher surface temperature achieved during ablation, well above the
evaporation temperature, Tey = 2861 K. The high concentration of the np chain agglomerate
debris supports the assertion that this material is formed during strong stagnation of the
plume collisions in the midplane.
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Figure 6. SEM images of the ablation debris from two spot ablation of stainless steel at low fluence
(F=09] cm~2 (a-d) and high fluence F=4.8] cm~2 (e-h), N = 800 pulses, spot separation d = 75 um.
(a) image of the whole debris field, (b) 50-150 nm diameter np’s observed at spot periphery in (a) red
ring, (c) particle agglomerate at the centre, (d) high magnification image of (c) showing round np’s
and np agglomerate, (e) High fluence re-deposition pattern showing material lifted directly from
the surface by the energetic colliding plumes and shock waves, (f) jet debris ejected normal to spots,
(g) high magnification image of jet np chain agglomerate, (h) highest, 100,000 x magnification of jet
np chain agglomerate which still shows little structure.
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3.4. Time-Resolved Plasma Emission Spectra

Figure 7 shows the two spots (E = 20 uJ/spot, d = 75 um) time-resolved (0-95 ns)
plasma emission spectrum of stainless steel in air over AA = 395 nm—415 nm. Gate width
was set at 5 ns, gate delay interval 2 ns and data accumulated over 50 spectra. The substrate
was scanned at 2 mm/s while an f = 125 mm bi-convex lens imaged the whole plasma
emission to a fibre coupler (NA ~0.2, Figure 1) then to the spectrometer (Andor Shamrock
303i, 50 um slit, 1800 L/mm grating) and cooled ICCD camera. The ICCD was triggered
externally from the Laser Regenerative amplifier. Continuum dominated the spectra at
early times, likely black body radiation from the hot plasma near the surface [21], while
spectral line intensities rise sharply, then decrease along with the background continuum as
the ablation plasma cools. Spectral line widths also decrease with time as electron density
decreases, reducing Stark broadening [61]. The spectral lines in this region have been
identified as due mainly to excited neutral atoms of Fe I, Cr I and Mn I: Fe I: 395.667 nm,
Cr I: 396.368 nm, Cr I: 396.974 nm, Mn I: 397.708 nm, Fe I: 398.396 nm, Mn I: 399.161 nm,
Fe I/Fe II blended line: 403.130 nm, Mn I: 403.307 nm, Fe I: 404.581 nm, Fe I: 406.359 nm,
Fe I: 407.581 nm (centre), Fe I: 411.854 nm, Fe I: 413.290 nm, Fe I/Fe II/Fe 11l blended line:
414.26 nm. Single spot (20 uJ/pulse) spectra were very similar with lower intensities [62].
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Figure 7. (a) Two spots (E =

Delay Time (ns)

20 pJ/spot, d = 75 pm,) time-resolved plasma emission spectrum (AA = 395-415 nm) of stainless

steel over time delay 0-95 ns. Continuum dominates at early times while atomic lines appear as the plasma cools. The

three intense lines near the
(AN =395 nm—415 nm) with

centre are due to Fe I: 404.581 nm, Fe I: 406.359 nm, Fe I: 407.581 nm, (b) Integrated intensity
time for single and double spot (d = 75 um) showing exponential decrease with plasma lifetimes

t1/e ~9.2 £ 0.5 ns (single) and 13.9 & 0.7 ns (double) respectively. The fits are exponential.

Figure 7b shows the time-integrated plasma emission (AA = 395-415 nm) for single
and double spot (d = 75 um) confirming that the plasma lifetimes 11/ ~ 9.2 = 1.0 ns and
13.9 £ 0.7 ns, respectively, hence double spot plasma lifetime increasing over the single
spot. These lifetimes are similar to those observed with 20 pJ, 150 fs laser ablation of Al in
the air [21]. The short plasma lifetimes are a consequence of both the low pulse energies
and rapid collisional cooling of the dense ambient air.

Plasma excitation temperature for single spot ablation (E = 20 pJ) has been estimated
by the well-known Boltzmann method [11] from the Fe I line intensities Iy, transition
probabilities (gAmn, g degeneracy) and upper energy levels, Ep,. A plot of Ln(Almn /gAmn)
versus Ey, yielded a linear plot inferring T ~7500 K for single spot near 40 ns delay
time. We also estimated the electron density from the Stark broadening of the Fe I line at
A = 404.58 nm yielding N, ~ 10! cm—3

By removing the ICCD from the spectrometer and placing this at the image plane
of the focus lens, (f = 75 mm, M ~ 4), the time-resolved plasma plumes were observed,
Figure 8. Gate width here is 5 ns, energy/spot = 20 ] and spot separation d = 75 um. With
spots normal to the optic axis, we can observe plasma expansion, collision and stagnation
after 15 ns. When the plumes are imaged parallel to the optic axis and 10-15 ns delay, we
see some interesting structure at right angles to the spot axis which may be connected to

the jets. The lateral plume expansion velocity can be estimated to be v, ~3.5 x 103 ms~!,
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(a) Normal

(b) Parallel

decelerating after 15 ns, while the elliptical plume shape which develops supports lateral
plasma expansion [35,63].

Figure 8. Time-resolved imaging of single and double spot ablation plume emission (20 uJ/spot, d = 75 pm) of stainless
steel with time delays 5-20 ns. ICCD gate width was 5 ns (a) 2-spot normal to optic axis showing plume collisions and
stagnation at 20 ns delay (b) two spots parallel to optic axis with an indication of jet structure 15-20 ns.

3.5. Two Spot Ablation with 600 fs/5 kHz Temporal Pulses at 1030 nm

The effect of increasing peak intensity by over 1 order of magnitude was investi-
gated with the experimental system of Figure 2, while maintaining the same repetition
rate of 5 kHz. Results are shown in Figure 9 for pulse numbers 200, 500 and 1000 at
fluence F = 1.41 ] cm 2 (peak intensity I = 2.4 x 101> W cm~?). Again, we observe sym-
metric debris ejection or jets at right angles out to a radius of Rjet ~ 150 pm with spot
separation d =75 um. As spot separation increases, we return to the directed, filamentary
re-deposition (d = 100 pm) between the spots, and just apparent at d = 150 um, N = 1000),
similar to patterns observed with 10 ps pulses, Figure 3a—f.

The results of high fluence two spot ablation with fluence F=5.7] em~2 (20 uJ/ spot,
I=9.6 x 101> W cm~2) are shown in Figure 10. where plume interactions create strongly
diverging jets at spot separation d = 75 um. At d = 100 um separation, jets are more
collimated with re-deposition jet radius Rje > 300 pm. There is a slight tilt in the spot axis
here relative to the horizontal. With N = 500 and 1000 at 4 = 100 um, shock wave and
plume interactions also remove debris from the surface (compare Figure 4c,f), evidence
of the quasi-stationary shock waves [51,52]. Atd = 150 um material is again concentrated
between the spots as interactions weaken. Peak intensity therefore appears to play a minor
role in the debris re-deposition during the plume interactions from 600 fs to 10 ps pulse
length on stainless steel in the air.

Figure 11a,b show SEM images of the diverging symmetric jet debris from 600 fs
double spot (4 = 100 um) ablation of stainless steel in air (20 puJ/spot, F = 4.5] cm 2,
N =1000). This material likely consists of np chain and is concentrated at the jet ends,
almost 400 um from the spots.
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Figure 9. Resulting debris re-deposition and jet formation after 600 fs laser double pulse ablation
with fluence Fy = 1.41 ] em~2 (Ep = 5 uJ /pulse). Optical images of stainless steel surfaces after
applying for various pulse numbers (200, 500, 1000) at different spot separations (50 um, 100 um
and 150 um). Debris jets are visible at 75 um at the investigated N. At larger separations, the debris
is concentrated in a filament between the spots (d = 100 um) and becomes apparent at d = 150 um
separation, N = 1000. Fluence here is 1.5 times higher than with 10 ps pulses (Figure 3).
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Figure 10. Resulting debris re-deposition and jet formation after 600 fs laser double spot ablation with
fluence Fy = 5.7 ] cm~2 (Ep = 20 wJ/pulse). Within the investigated pulse numbers N (200, 500, 1000)
and pulse separations d of 50 pum, 100 um and 150 pm, the optical images reveal an interaction
between the two spots. Strongly diverging debris jets at 75 pm and collimated jets at d = 100 um are
visible. At the largest separation d = 150 um, where the interactions are weaker, the material is again
concentrated between spots.
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Figure 11. Tilted SEM images of the jets after double spot femtosecond ablation of s. steel in the air (Ep = 20 uJ/pulse,
N =1000, d = 100 um). (a) shows the symmetric diverging debris jets (np chain agglomerates) with an accretion of material
at the jet ends, almost 400 um from the double spot centre. (b) higher magnification of concentrated jet debris near the jet
end. The debris radii near the spots and jet radii are indicated (Rqe, and Rje; respectively).

The debris and jet radii generated with 600 fs pulses are shown in Figure 12. For
comparison, the data from 10 ps two spot ablation. Logarithmic fits are included, and the
exponents vary from n = 0.33 to 0.47. The fs and ps debris radii are close exponent while the
fs jet radii appear to have the lowest, n = 0.33. The higher radii for given energy with 10 ps
pulses is due to the smaller spot separation of 75 pm, while this was 100 pm with 600 fs
pulses. There may also be differences due to uncertainties in the estimation of the radii.
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Figure 12. Ln-Ln plots of the two spots debris and jet radii ([R] = pm) measured for 600 fs and 10 ps
ablation. The logarithmic fits ([Ep] = uJ) are shown to be reasonably close in exponent except for
femtosecond ablation which is lower. The spot separations were 100 um (600 fs) and 75 pum (10 ps),
respectively. Error bars represent 1 o.

The reproducibility of the results reported is supported by the excellent observed fits to
the Ln-Ln plots with indicated errors. Ultrafast laser ablation minimises thermal diffusion
and melt leading to a deterministic evaporation process [19]. The observed nanoparticle
agglomerated jets can be deflected with a significant airflow over the substrate. However,
when the surrounding ambient air is stable, the jets emanate at right angles and have the
same length, Figure 11a.
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3.6. Time-Resolved Shadowgraphy (600 fs/5 kHz).

Ablation plumes and their development after ablation were imaged with the pump-
probe experimental set-up shown in Figure 2. The probe beam (A = 688 nm, 711 = 13 ns) was
electronically synchronised to the pump beam (A = 1030 nm). Time-resolved measurements
are often carried out with a single pulse exposure-but here, after simultaneous multi-
pulse, multi-spot exposure, we can see the developing plumes and their interactions. The
connection axis of two spots is aligned perpendicular to the imaging plane. The total delay
time regarding the arrival of the first pulse pair with 5 kHz repetition rate is T = 1002 us,
hence a delay time of 2 us after the last, N = 6th pulse, Figure 13. There is a strong plasma
plume overlap confined to the surface at d = 100 pm separation with diverging plume
above the spots containing solid (dark) micron size particles, strongly absorbing/scattering.
The previous pulses have formed these. These also appear at 150 pm spot separation but
disappear entirely at d = 200 um, where the plasma plumes near the surface are distinct
and plume absorption much more uniform. This particle is likely the np chain agglomerate
observed on the surface, shown in the SEM images of Figure 11. which appear in the
jets due to the strong plume interactions. Note in the shadowgraphs a visible expanding
spherical shock wave from the last pulse pair overlaps the material previously ejected.
The shock wave speed, from the time delay, vs ~375 m/s just above the speed of sound
while the lateral plasma expansion has slowed significantly to around v < 50 m/s after
2 us delay.

Figure 13. Time-resolved shadowgraphs of the interacting plumes with two spot ablation in the air after N = 6 and delay
time of T = 2 ps after ablation and T (total) = 1002 ps. These images demonstrate that large condensed absorbing particles
are apparent in the debris above the spots when the separation is smallest and where the plume collisions are strongest,
(a) d =100 pm, (b) d = 150 um, (c) d = 200 um where these particles have all but disappeared. Note that the spherical shock
waves from the last pulse overlap the material ejected beforehand.

4. Discussion

Laser ablation on metal in the ambient atmosphere can be likened to a mechanical
detonation, creating an ablation plume expanding supersonically against the background
gas, causing a shock wave. As the plume does work by expanding against atmospheric
pressure, the expansion velocity decreases with time, and the shock wave radius is given
by Taylor’s blast wave theory [59],

R = S(7)(E/po)"/°/5 6)

where S(y) ~1 is a function only of the air specific heat 7y (~1.4), E is the energy released,
0o is the undisturbed background gas density and t is the time after ablation. The effect
is to force most of the air within the shock front into a thin shell just inside the front,
compressing and heating the air. The initial pressure driving the front pmax > po, (1 atm).
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When pmax ~ po, the self-similar solution of Equation (1) is no longer valid. In this case, the
radius for this upper limit is given by [20],

R=(E/py)"? @)

The ablation plasma plume follows behind the shock front and a contact discontinuity
can be observed inside the shock front [33]. For the range 2 uJ < E < 20 yJ, single
spot debris radii range from 40-120 um while R calculated from Equation (2) yields
270 pm < R <580 um. The debris radius can be related to the shock radius through
Rp ~ fR where f < 1 and here, f ~ 0.15-0.2, similar to that observed by other authors [60].
From the time-resolved plasma emission (10 ps), backward re-deposition with single spot
ablation likely starts about ~100 ns after ablation and from the pump-probe observations,
(600 fs) continues over 10 ps and longer. The debris power laws yield Ry, o« E®303 for
both single spot and jets but the much larger jet radii if applied to Rp ~ fR yields f ~ 0.7-0.8
using Equation (2) inferring that an additional energetic process is involved during the
plasma plume interactions.

Multi-spot ablation in vacuum between two independent and closely spaced seed
plasmas collide due to the lateral plasma expansion. With a low density and high relative
velocity, plasmas tend to interpenetrate, relevant in collisionless astrophysical plasmas,
leading to ion reflection and particle acceleration [64]. However, with higher density and
a low relative velocity, the plasmas rapidly decelerate at the collision plane, forming a
stagnation layer (SL). Accretion and compression of the material within the SL leads to a
local increase in density and temperature. The degree of stagnation can be described by a
collisionality parameter ¢ = d/A;;, where d is the distance between the two plasmas and A;;
is the ion-other ion mean free path, given by, [65,66]

2.2 4
Admegm;ol,

Ajj (1-2) — q4Z47’l1‘ 11’1(/\1,2) 3
where g is the permittivity of free space, m; is the ion mass, v1; is the relative ion flow
velocity (prior to impact), g is the elementary charge, Z is the average ionisation state, 1;
is the plasma density at the collision plane and In (Aj_;) is the Coulomb Logarithm, a
slowly varying function, with a value O (10-20) [67]. The parameter ¢ is very sensitive to
the relative plasma velocity term v12* while only linearly dependent on separation d. If
used in ambient air, this description is more complex than in vacuum due to the presence
of shock waves and rapid plasma deceleration due to collisions with the air. From time-
resolved plasma emission at 15 ns, Figure 8. We estimated that v ~3.5 x 10® m s~ ! so that
v12=20, ~7 x10° ms~ L. Inserting this value into Equation (3), we find A;; ~ 3.1 pm so
that the plasma collision region is limited to the micron scale with collisionality parameter
E=d/Ai=75um/3.1 pm ~ 24.

In a plasma, the Debye length is the characteristic length over which electrons and
ions can be separated, and in an ideal plasma (e.g., astrophysical) has many particles per
Debye sphere N given by
4

ND:N£’< 3

)@ >1 )

The classical plasma parameter g = 1/N,Ap® << 1 so that collective effects dominate
the plasma. In laser ablation, we can calculate g for each plasma plume knowing N, and
Ap which is given by [67] Ap = 743 (Te)Y2 (N,)~ /2 where the electron temperature T is in
eV while N, is in cm 3. At delay time T = 50 ns, we measured Te (10 ps, Ep = 20 uJ) from a
Boltzmann plot to be ~7500 K (1 eV = 11,600 K) hence plasma temperature Te ~ 0.65 eV
while N, ~ N; ~ 10'® cm 3 from measured Stark broadening of the Fe I line at A = 404.58 nm.
The Debye length in each plasma plume is then Ap ~ 6.0 x 1077 cm (6 nm) while the
particle number in a Debye sphere is, from Equation (4), Np = 0.92. The collision parameter
g =1/N.Ap® = 4.6 hence the plasma plumes are each highly collisional as expected. We
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can also estimate the Coulomb Logarithm [67], LnA = 9Np/Z = 8.3 assuming Z ~ 1 is the
average ionisation state, supported by the time-resolved spectroscopy, Figure 7a.

Recently, the interaction of two colliding Al plasmas (in the air) and their shock waves
were observed in two spot nanosecond laser ablation using shadowgraphy, schlieren images
and interferometry [68]. From refractive index profiles, expanding shock fronts and their re-
flections were observed after collision along with compression and stagnation and of the air
behind the shock fronts. With pulse fluence F ~ 27 ] cm ™2, focus intensity I ~ 1.6 GWcm 2
and 1 mm spot separation, compressed air density reached ng ~ 5 x 1020 cm 3 behind the
interacting shocks while plasma density #; ~ 5.10'® cm 3. The stagnation was described as
“soft” [69] with a plasma hill developing over times scales from 0.7-3 us.

More recently, stationary transient straight shockwaves (on a 10 ns timescale) were
detected during multi-spot fs ablation of water in the air creating supersonic air flows
which collided [51,52]. Fluence per spot F ~ 18 ] cm~2 with peak intensities I ~ 101 W cm—2
and spot separations from d ~ 14-20 um. The length of the shock waves was related to
the local flow velocity at a given radial position from the spots and observed when the
relative speed of shock wave propagation exceeded the velocity of sound in the air. The
symmetric geometry of the observed two spot transient shock waves is highly reminiscent
of the observed patterns of debris removed between double spot ablation in this work
at higher fluence (Figures 4, 6 and 11) with ps and fs pulse lengths. This indicates that
material removal between spots during ablation at high fluence may be evidence of shock
wave interactions.

5. Conclusions

The jets appearing at higher fluence (and small spot separation) could be created as
follows using a simplified 2D approach. When the high-pressure shock waves meet at the
collision plane, the pressure due to each shock wave pmax = 0.155 E/ R3 (y = 1.4) [59]. If we
set E ~ Ep =20 pJ and R =50 pum, pmax = 2.48 107 Pa ~248 atm. The air between these
shocks will be highly compressed by this “piston” as they meet and the curved expanding
shocks could compress, accelerate and expel the air symmetrically in a diverging jet in
both directions normal to the axis, Figure 14a. The plasmas following then stagnate and
ion Coulomb repulsion off-axis at low impact parameters converts their axial momentum
to transverse momentum assuming elastic collisions. The observed material lifted from
the surface leaves patterns very similar to the transient stationary shock waves observed
during multi-spot induced supersonic air flows at a water/air interface [51,52].

Atlow fluence and larger separations, shock wave pressures are much reduced, plasma
density decreases, reducing stagnation to “soft”, hence allowing plasma interpenetration
between the spots. Weak shock waves pass through each other and likely reflect back
along the axis from the plasmas. Multiple collisions can decelerate ions and a degree of ion
reflection may occur [64] so that particles acquire momentum directed along the spot axis
then arrive at the surface through backward flux, Figure 14b.

Two colliding air breakdown plasmas created with high energy, nanosecond laser
pulses demonstrated reflection and transmission of expanding shock waves depending on
pulse energy and plasma seed separations [70]. One might ask if oxidation during ultrafast
laser ablation is significant here, but we have also observed the Jets in pure Nitrogen at
1 atm (10 ps, not reported here) with the aid of a gas cell. We estimate that oxidation of Fe
atoms to Fe3Oy4 could at most add 10% additional energy, not nearly enough to explain the
phenomena here.

Time-resolved plasma emission yielded important plasma parameters such as lifetime
and temperatures, and plasma collisions between spots show plume stagnation, resulting in
bi-directional jets. The effects of quasi-stationary shock waves are very clear, compressing
the air and lifting debris from the surface between the spots. Time-resolved shadowgraphy
with 600 fs pulses showed micron size particles (which constitute the jets) only when
the ablation spots were in close proximity. In fact, the re-deposited jet debris consists of
agglomerated nano-particle chains.
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Figure 14. Schematic diagrams summarising current view of two spot ablation at high and low
ablation (a) at high fluence, the air between the shocks is compressed by a “piston” as they meet and
the curved shocks will accelerate and expel the air symmetrically in a diverging jet in both directions
normal to the axis. The plasmas then stagnate and Coulomb interactions off-axis at low impact
parameters convert their axial momentum to transverse momentum, (b) at low fluence and larger
separations, shock wave pressures are much reduced, plasma density decreases, reducing stagnation
to “soft”, hence allowing plasma interpenetration and directed deposition between the spots.

Our observations of the directed deposition at low fluence and jets during high-
fluence, multi-spot ultrafast laser ablation of stainless steel in air constitute a potentially
interesting new area of research, providing a basis for further investigations to build a
thorough understanding of these complex phenomena. Our study and its findings are
considered important for a deeper understanding of the interaction of multi-spot arrays in
laser patterning [71,72] and enhanced laser deposition of thin films [53,55]. The phenomena
of plasma collisions and shocks observed and explored here should also be relevant to
astrophysics and physics research, such as in magnetic re-connection [73] and phenomena
such as bi-directional jet formation and particle acceleration [74,75] observed at ultrahigh
laser intensities (10'4~10'> W cm~2) in two spot ablation with high transient B fields.
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Abstract: Tailored intensity profiles within the focal spot of the laser beam offer great potential
for a well-defined control of the interaction process between laser radiation and material, and
thus for improving the processing results. The present paper discusses a novel refractive beam-
shaping element that provides different squared intensity distributions converted from the Gaussian
output beam of the utilized femtosecond (fs) laser. Using the examples of surface structuring of
stainless-steel on the micro- and nano-scale, the suitability of the beam-shaping element for fs-laser
material processing with a conventional f-Theta lens is demonstrated. In this context, it was shown
that the experimental structuring results are in good agreement with beam profile measurements
and numerical simulations of the beam-shaping unit. In addition, the experimental results reveal
the improvement of laser processing in terms of a significantly reduced processing time during
surface nano-structuring and the possibility to control the ablation geometry during the fabrication
of micro-channels.

Keywords: beam shaping; squared top-hat; fs-laser; laser surface structuring; laser-induced periodic
surface structures; micro-channels

1. Introduction

In modern laser material processing, beam shaping is receiving growing attention, as
it allows the focal intensity distribution to be adjusted to the interaction process between
the laser radiation and the material [1-3]. This makes laser processing even more flexible,
precise and effective. Moreover, the range of achievable types of structures is extended [4-6]
and surface properties can be adjusted in a targeted manner [7-9]. Top-hat profiles are
characterized by a uniform intensity distribution over the beam cross-section in a specific
working plane. They can be generated by a large variety of available beam-shaping tech-
niques, including apertures [10], refractive [11-13] and diffractive optical elements [10,14],
as well as beam integrators or homogenizers [10,15]. Finally, a spatial light modulator
provides a flexible optical device that allows to create various intensity profiles based on
the dynamical modification of the amplitude, phase and polarization of the incoming laser
beam [16-18].

The advantage of refractive beam shapers is provided by their simple structure and
a very high conversion efficiency. They are less sensitive to wavelength changes, easier
to manufacture and can withstand higher laser powers when compared to diffractive
elements. Therefore, the present work aims at the introduction of a highly flexible and
compact refractive, freeform beam-shaping element that is suitable for laser material
processing applications.

Large-area structuring of surfaces on the micro- and nano-meter scale usually requires
scanning of the focused laser beam across the material surface. In the case of the commonly
used Gaussian intensity distribution, a certain inhomogeneity of the deposited energy
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occurs, which in turn has an influence on the processing result. A first improvement was
demonstrated in this context by using a beam shaper that allows to generate a rotation-
ally symmetric top-hat profile [19]. However, due to the rectangular symmetry of the
(unidirectional) scan procedure with a specific overlap of the adjacent scan lines, the use
of a squared top-hat seems to be even more advantageous with respect to homogeneous
energy coupling. This squared top-hat is derived from the collimated Gaussian intensity
profile of the input beam by combining the investigated refractive beam shaper with a
focusing optics. The latter can be a simple focusing lens as well as a complex f-Theta
objective, as is very often used for laser-based surface structuring. Therefore, a main
objective of this study was to evaluate whether the x-y-symmetry of the focal distribution
can further improve material processing when working with a scanner and an f-Theta
lens. This aspect plays an essential role with regard to modern laser systems and their
high repetition rates, whose maximum utilization ensures high processing efficiency. For
this purpose, the beam-shaping element was practically tested in different applications on
stainless-steel as a substrate material. This includes surface nano-structuring in the form of
laser-induced periodic surface structures (LIPSS), which allow to engineer surfaces with
versatile functional properties [7,20]. Furthermore, the ablation-based micro-structuring of
the sample surface using femtosecond lasers (fs-lasers) was demonstrated as a conventional
processing technique [21].

2. Materials and Methods
2.1. Focal Beam-Shaping and Characterization

The most common approach for shaping focal intensity distributions is based on
Fourier optics, where the focusing optics transforms the incoming beam profile into the
desired shape. This is well-explained for rotational symmetry in [19,22]. However, for
non-rotationally symmetric focal intensity distributions, the symmetry of the beam-shaping
element needs to be broken, while the focusing optics remains the same. Therefore, the
beam-shaping element becomes a freeform surface. As a phase plate, it imprints a phase
modulation on the incoming plan wave of the collimated beam, which stays collimated
as this modulation is in the order of A (PV) and thus very small. The focusing optics
performs the Fourier transformation of this modified wave front and therefore determines
the width of the generated profiles inverse proportional to the numerical aperture (NA).
Consequently, this approach is modular with regards to the focusing optics. The phase
plate (a | SqAiryShape) itself is a freeform distribution based on a super Gaussian profile:

W ¥
4
— 2
z(h) = He— (F) ()
of order M = 8, diameter D and plateau height H in x-y-symmetry. The element is made of
fused silica via CNC-based grinding and polishing. It can therefore withstand high-power
laser intensities as well as ultrashort laser pulses, as employed in the experimental studies
of the present work.

As a measure of how much the beam shaping will be affected by diffraction effects,

the -factor:
_ 2nRD

b= fLA
can be used [23], with R being the half diameter of the entrance beam, D being the half
diameter of the focal distribution, f;, being the focal length and A being the wavelength.
Using the specific parameters of the present study (R = 10 mm, D = 25 pm, f, = 100 mm and
A = 1030 nm) leads to § = 15.25. Having such a large value ensures stable beam-shaping
profiles, which are essential for well-controlled material processing.
The squared focal intensity distribution was characterized in order to compare the
experimental results with simulations. For this purpose, a supercontinuum laser (SC-400-4,
Fianium, Southampton, UK) was used as a light source, from which A = 1064 nm was

@
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selected via a spectrometer (LLTF Contrast, Fianium, Southampton, UK), coupled to a fiber,
collimated (ACM25-20-L-C-1064, asphericon, Jena, Germany) and expanded (BAM25-175-
D-C-1064, asphericon, Jena, Germany) to a collimated beam with 10 mm diameter. This
beam fulfilled the input conditions for the freeform beam-shaping element. All following
optical components used for characterization of the beam shaping are depicted in Figure 1.
The beam-shaping element (a | SqAiryShape) was placed in the collimated beam, which was
subsequently focused by a plano-convex lens with 300 mm focal length (#38-631, Edmund
Optics, Mainz, Germany). The focal region was then imaged onto a camera (SP928, Ophir,
Germany) by using a microscope objective (Aspheric Lens Kit 5720-B, Newport, Irvine, CA,
USA). The setup was calibrated to obtain the real physical size of the focal distribution.

-, (emE

]J | JII N

\ microscope objective

camera

a|SgAiryShape
focusing lens

Figure 1. Experimental setup for characterization of the freeform beam-shaping element.

In the simulation, only the freeform beam-shaping element and the plano-convex
focusing lens were considered. The focal intensity distribution was calculated via the point
spread function with CodeV (Synopsis). This calculation is based on the squared Fourier
transform of the pupil function [24]. The latter includes all aberrations and thus the phase
manipulation introduced by the beam-shaping element.

Close to the focal point, various intensity distributions, such as a squared top-hat or
squared donut, emerge. The following laser processing experiments were carried out with
the squared top-hat, which occurs closest to the focal point. This is the top-hat shown in
Figure 2. Comparison with the simulation, especially through the cross-sections in the
bottom of Figure 2, reveals close agreement between measurement and simulation in terms
of shape and size of the focus spot.

A sequence of those cross-sections taken along the optical axis is plotted in Figure 3.
The upper panel (Figure 3a) shows the beam waist of the Gaussian input beam without the
freeform beam-shaping element. With the beam-shaping element (panel b), the Gaussian
distribution is notably flattened to a top-hat. Note that the beam shaping only occurs
close to the focal point (z = 0 mm), whereas the profile remains almost Gaussian for larger
distances. The blue-shaded distribution corresponds to the one shown in Figure 2.
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Figure 2. Color maps and cross-sections of the squared focal intensity distribution of the top-hat
closest to the focal plane (A = 1064 nm, f = 300 mm) normalized to the maximum intensity for
comparison between measurement and simulation.

z/mm

Figure 3. Profile cross-sections measured along the optical axis (z) in the focal region (a) without and
(b) with freeform beam-shaping element.

2.2. Material Processing Setup and Sample Preparation

The operation of the beam-shaping element was investigated by means of surface
structuring experiments using the experimental setup illustrated in Figure 4. The linearly
polarized Gaussian output beam (M? ~ 1.08) of the diode-pumped Yb:KYW thin-disc
fs-laser system (JenLas D2.fs, Jenoptik, Germany) with a central wavelength A = 1025 nm is
characterized by a pulse duration t = 300 fs (FWHM) and pulse energies Ejpp < 40 pJ at
a repetition frequency frep = 100 kHz. Before passing the beam shaper, the output beam
was widened by a beam expander (5x). The shaped beam was then focused onto the
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sample surface by a galvanometer scanner (IntelliScan14, Scanlab, Puchheim, Germany).
The focal length of the associated f-Theta objective (JENar, Jenoptik, Jena, Germany) was
fp, = 100 mm.

galvo scanner

beam beam

shaper expander fs-laser

/ / sample

Figure 4. Experimental setup used for surface structuring experiments.

The structuring experiments were carried out on commercially available austenitic
stainless-steel (X2CrNiMo17-12-2, Outokumpu, Krefeld, Germany) at normal incidence
and under air atmosphere. Prior to laser irradiation, the sample surface was manually
grounded and polished to a mirror finish, with an average surface roughness R, ~4 nm.
This procedure involves the use of SiC abrasive paper of 800, 1200 and 2400 grit and 6, 3 and
1 pm polycrystalline diamond suspension, respectively. Besides, the sample surfaces were
ultrasonically cleaned in acetone and isopropanol both before and after laser structuring.
The morphology of the samples was characterized by scanning electron microscopy (SEM)
(SigmaVP, Carl Zeiss, Oberkochen, Germany) at an accelerating voltage of 5 kV using a
secondary electron detector. The spatial periods and the orientation of the LIPSS were
quantified by 2D-Fourier transform analysis (2D-FT) of the SEM micrographs. White
light interference microscopy (WLIM) (CCI HD, Taylor Hobson, Weiterstadt, Germany)
was utilized to evaluate the surface topography. The microscope was equipped with a
50x objective.

3. Results and Discussion
3.1. Single-Spot Experiments

The first part of the experiments was to investigate whether the theoretical calculations
for the focal intensity distribution correlate with the geometry of the ablated region within
the focal spot on the material surface. For this purpose, the surface was irradiated with
10 single fs-laser pulses with a temporal pulse spacing of 10 us (frep = 100 kHz) and
a single-pulse energy of Ejnp = 6.5 uJ. Without the beam-shaping element in the beam
path, the utilized f-Theta objective results in a focal spot diameter of 2wy = (24 £ 0.5) pum,
determined using the method of Liu [25]. This corresponds to a fs-laser peak fluence of
F =2Eimp/ (mw?) = 2.9 J/cm? at the pulse energy used.

Figure 5 shows SEM micrographs of the ablation spots obtained at different dis-
tances (z-positions) of the stainless-steel surface from the focusing objective using the
freeform beam-shaping element. At the reference position (z = 0 mm) and at z = —0.6 mm,
squared top-hat intensity profiles are available that result in square material ablation of
size (30 x 30) um? and (40 x 40) um?, respectively. As described later, these intensity
profiles are predestined for numerous laser material processes that are based on scan-
ning procedures with x-y-symmetry (Figure 6). Assuming a perfectly rectangular fluence
distribution of both top-hat profiles, the larger focal dimensions together with the pulse
energy Eimp = 6.5 u result in a lower fs-laser peak fluence of F=0.72 and F=0.41]/ cm?
respectively, when compared to the initial Gaussian focal spot. It should be noted that the
peak fluence, F is identical to the average fluence, F,y, of the fluence distribution. The
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larger fluence at z = 0 compared to z = —0.6 mm is indicated by the stronger melt formation
in the ablation spot fabricated with the smaller top-hat profile.

polarization

z=-0.8mm z=-0.9mm

Figure 5. SEM micrographs of the stainless-steel surface after irradiation of 10 linearly polarized single fs-laser pulses at

different z-positions of the sample surface within the focal intensity distribution. For comparability, the single-pulse energy
was kept constant at Ejpp = 6.5 1.

Figure 6. LIPSS structuring of stainless-steel surfaces using the squared top-hat profile (z = 0 mm) of the linearly polarized
fs-laser beam (2wg ~30 pm, Ejmp = 3.5 uJ, v =1m/s, Ax = 10 um): (a) SEM micrograph and (b) 2D-FT spectrum and its
corresponding cross-section calculated from the SEM micrograph quantifying the homogeneity and orientation of the LIPSS.

In addition to the top-hat profiles, the beam-shaping element provides other intermedi-
ate stages, which are characterized by more exotic intensity distributions. Atz = —1.0 mm,
a donut-shaped focal intensity distribution with square beam cross-section can be observed,
characterized by the zero-intensity center on the beam axis. In contrast, at z = —0.35 mm,
the intensity distribution is almost completely reversed, which is why a stronger intensity
can be observed at the center. Both examples are intensity distributions suitable for the
generation of novel surface structures (e.g., bio-inspired surfaces) [5].

The SEM micrographs of the single-spot experiments reveal a well-defined modulated
surface topography within the ablation crater, whose periodicity is in the sub-pum range
and therefore much smaller when compared to the diffraction-limited focal spot diameter
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of a few tens of um. These periodic patterns are termed laser-induced periodic surface
structures (LIPSS), which for metals are typically oriented perpendicular to the linear beam
polarization [26]. The most widely accepted theory describes the formation of LIPSS as a
result of interference of the incident laser radiation with surface electromagnetic waves
generated by scattering at the nano-rough surface [27,28]. These scattering processes are
possible despite the polished initial surface, since the LIPSS formation process is generally
a multi-pulse process.

As Figure 5 shows, the exact morphology of the LIPSS pattern within the focal spot
depends on the fluence distribution in the beam cross-section, i.e., on the intensity profile.
A particular contribution is provided by melt formation in the intensive regions of the
beam cross-section. However, it becomes evident that a particularly homogeneous LIPSS
distribution can be realized by the appropriate choice of the z-position, which suggests
here a constant fluence in the beam profile. This is a key aspect for homogeneous large-area
structuring with LIPSS [29]. In addition, the possibility to control the LIPSS distribution
within the focal spot by choosing a certain beam profile leads to an extension of the current
state-of-the-art and, thus, to a higher flexibility of the direct-writing structuring method.
The fluence values calculated above for the top-hat profile are comparable with the fluence
required for ablation-based LIPSS formation on stainless-steel at comparable irradiation
parameters [30,31].

3.2. Laser Surface Structuring on the Nanoscale

Based on the demonstrated LIPSS formation within the focal spot, the nanostructures
can be scaled to large surface areas by a relative movement between the focused fs-laser
beam and the sample surface. This is particularly achievable with metals due to the linear
absorption of the fs-laser radiation. In this context, the specific optical properties make
stainless-steel a well-suited candidate for the production of highly regular LIPSS [31]. This
concerns in particular the exact alignment and a small dispersion of the spatial frequencies
of the LIPSS, which are coherently linked to each other despite the unidirectional scanning
procedure [30,31].

The SEM micrograph in Figure 6a shows the stainless-steel surface obtained from
scanning the squared top-hat profile (z = 0 mm) with a scan speed of v =1 m/s and
a line spacing of Ax = 10 um across the sample surface. The single-pulse energy was
reduced to Eimp = 3.5 yJ, ie, to F=0.39] /cm?, in order to avoid the extensive melt
formation observed in Figure 5. The calculated 2D-FT spectrum (Figure 6b) confirms the
high regularity of the LIPSS aligned perpendicular to the linear beam polarization by the
very narrow characteristic peaks. The spatial periods of the LIPSS were determined to be
around (950 + 20) nm.

The obtained regularity is comparable with our previous work on rotationally sym-
metric beam shaping [19], although the following main differences should be discussed:

(1) Asalready demonstrated in [30,31], highly regular LIPSS can also be generated with
conventional Gaussian beam profiles. However, the radial intensity dependence and
the circular spot area require a larger overlap of the laser pulses in both x- and y-
directions to realize an almost homogeneous energy deposition. The optimal process
parameters for Gaussian beam processing were derived in [19] to be v = 0.67 m/s,
Ax =6 pm, Ejyp = 2.6 yJ, F=1.15 J/cm? at frep = 100 kHz and 2w = 24 um. These
values result in a processing rate of about 32 s/cm? and in a laser pulse number
Netf 2p = (7rwf2~frep)/ (v-Ax) ~11.3, that effectively hit the focal spot area [28].

(2) The main difference between the ideal squared top-hat and the Gaussian profile
results from the relative movement during scanning. Figure 7a illustrates that for the
Gaussian profile at a certain position y at the surface, every single pulse of the total
required number (N op) contributes to structuring with different fluence values.
Consequently, the specific fluence of some of the individual pulses can be significantly
smaller than the ablation and LIPSS formation threshold of the material.
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(3) In the case of the top-hat profile (z = 0) with its square shape, the slightly larger beam
diameter (here given by the beam width in x- and y-directions) and steeper flanks,
LIPSS structures with almost equal properties can be achieved. Nevertheless, the
structuring can be performed with larger scanning speed (v =1 m/s) and line separa-
tion (Ax = 10 um). As described above, the pulse energy must be increased slightly
for this to exceed the required LIPSS formation threshold. The optimum parameters,
however, result in N op = 9 and a processing rate of about 14 s/cm?, which is more
than a factor of 2 faster than structuring with the conventional Gaussian beam.

(4) The accumulated fluence of the ideal top-hat profile with Fiot = N op-F =3.51]/ cm?
is smaller than for the Gaussian intensity distribution (Fot = 6.47 J/cm?), since during
structuring with the top-hat, each single pulse contributes equally to Fi (Figure 7b).

a) FM b)
Ful
v=0.67 m/s
Y SN 8y= 6T um v=1.0m/s
—_ + |« Ay=10pm
) 1
e F
ya ya
L4 L4
2w, =24 pm y 2w, = 30 um y

Figure 7. Overlap and contribution of individual pulses during scanning of a single line using (a) the
Gaussian focal intensity distribution and (b) an ideal top-hat beam.

3.3. Surface Micro-Structuring

In order to investigate the influence of the intensity distribution on the micro-structuring
of surfaces, channels were created using the top-hat profile (z = 0 mm) and 10 over-scans
with v = 0.1 m/s. Earlier studies with rotationally symmetrical top-hat and donut-shaped
beam profiles already showed that steeper channel walls and a better surface quality (espe-
cially at the bottom) can be achieved in comparison to the Gaussian profile [19].

These findings can also be observed in Figure 8, which shows 3D-WLIM micrographs
of channels produced with the top-hat profile using different pulse energies, Ejpp. It
becomes evident for moderate pulse energies that the homogeneous fluence distribution
across the beam profile leads to a very high quality of both the walls and the bottom of
the channel (Figure 8a,b). The corresponding arithmetical roughness values of the channel
surface were measured via WLIM to be S, = 0.1072 pm for Ejyp, = 2.5 pJ and S, = 0.1844 um
for Ejmp = 4.6 1J. As indicated by the cross-sections in Figure 8d, the corresponding depth
of the channels increases with increasing pulse energy, from about 6.2 pm at Ejmp, = 2.5 puJ
(Figure 8a) to about 12.5 um at Ejmp = 7 pJ (Figure 8c). In addition, a slight increase in the
channel width can be observed. However, the WLIM micrographs indicate that at very high
pulse energies and thus large laser peak fluences, an inhomogeneous and rough channel
bottom results from extensive ablation and the melt formation already detected in the
single-spot experiments. The irregularity is expressed in particular in hole-like depressions
that are not adequately displayed by the perspective of the 3D micrograph in Figure 8c.
However, a qualitative measure is given by the grey-shaded area in the cross-section of
Figure 8d that illustrates the remarkably larger variation, especially at the channel bottom,
when compared to smaller Ejnp. This is also confirmed by the larger surface roughness
that was measured to be S, = 0.5174 um for Ejmp =7 pJ.
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Figure 8. WLIM micrographs of the stainless-steel surface illustrating the 3D geometry of channel-
like structures obtained from 10 over-scans with v = 0.1 m/s using the squared top-hat profile at
z =0 mm and different single-pulse energies: (a) Ejmp = 2.5 uJ, (b) Eimp = 4.6 1J and (c) Eimp =7 HJ.
A comparison between the cross-sections of the channels is illustrated in (d). Here, the solid line
corresponds to the mean profile and the shadow illustrates the variation of the profile series measured
along the channel.

Structuring with the donut-shaped intensity profile at z = —0.9 mm allows to create
channels with steep walls and a w-shaped cross-sectional geometry that is determined by
the specific intensity distribution (see Figure 5). According to the cross-sectional height
profile of the channel (Figure 9¢), 10 over-scans with v.=0.1 m/s and Ejpy,, = 4.6 pJ resultina
width of about 40 pm and a maximum ablation depth of about 10 pm. The channel walls are
characterized by their very homogeneous and regular surfaces in the form of superimposed
nanoscale LIPSS (Figure 9a). The high quality is confirmed by the fact that the modulation
depth of LIPSS is typically in the order of 200 nm [30]. Contrary to a rotationally symmetri-
cal donut, the used squared intensity profile provides the zero-intensity center and two
axes in x- and y-directions with almost zero intensity. Consequently, the areas with lower
(zero) intensity are not passed over by highly intensive beam parts during scanning in
these directions, resulting in a channel with a less ablated central area (Figure 9b). This
could be used, for example, to periodically propagate these w-shaped structures to large
surface areas based on a suitable scan line distance. In dependence on the focal length
of the focusing optics, this would result in a microscale periodic grating with periods in
the range of 1020 um. Similar surface structures with comparable structural sizes can be
obtained, e.g., from Direct Interference Laser Patterning, which is used among others to
generate surfaces with functional properties (optics, tribology, biology, wetting) [32].

Generally, the results show that the donut and top-hat profiles provided by the
beam-shaping element are advantageous for realizing micro-channels with specific wall
inclination angles as well as tailor-made cross-sectional geometry. This option is also
available (in situ) during the structuring process, since the individual intensity profiles can
be addressed in a relatively simple way by changing the z-position of the sample surface.
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Figure 9. Micro-channel fabricated on stainless-steel using the squared donut-like intensity distri-
bution at z = —0.9 mm, 10 over-scans with v = 0.1 m/s and a single-pulse energy of 4.6 uJ: (a) SEM
micrograph, (b) WLIM micrograph and (c) cross-sectional height profile. The blue line in (c) corre-
sponds to the mean profile and the grey shadow illustrates the profile series measured along the
channel in (b).

4. Conclusions

The present study deals with a versatile refractive beam shaper that allows to convert
the initial Gaussian intensity distribution of the fs-laser beam into different squared beam
profiles at different z-positions. Numerical simulations for the beam-shaping unit were
verified experimentally by spatial beam profile measurements and by surface structuring on
the micro- and nano-scale. It was demonstrated that the squared top-hat profiles available
in the focal region are advantageous to significantly reduce the processing time during
large-area LIPSS structuring, while preserving their high regularity. Using the beam shaper
for the generation of channel-like structures via multiple line scans, it was shown that
the different focal intensity distributions resulted in precise channels with a controllable
cross-sectional geometry.
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Abstract: Controlling the formation of high aspect ratio void channels inside glass is important for
applications like the high-speed dicing of glass. Here, we investigate void formation using ultrafast
Bessel beams in the single shot illumination regime. We characterize the morphology of the damages
as a function of pulse energy, pulse duration, and position of the beam inside fused silica, Corning
Eagle XG, and Corning Gorilla glass. While a large set of parameters allow for void formation
inside fused silica, the operating window is much more restricted for Eagle XG and Gorilla glass.
The transient formation of a molten layer around voids enables us interpreting the evolution of the
morphology with pulse energy and duration.

Keywords: glass; ultrafast laser processing; Bessel beam

1. Introduction

Cutting and drilling glass is an important technological problem, particularly when
the width over which the material has to be modified is much smaller than the length of the
modification. This is high aspect ratio structuring. In this context, ultrafast laser processing
is very attractive because the infrared wavelength and the very high intensity of the pulses
enable energy deposition in three dimensions, including inside the bulk of glass [1]. The
laser-induced micro/nano-structures can be index modifications, nanogratings or even
voids [2]. These modifications can be combined with chemical etching, which led to a
number of advances in the field of photonics, microfluidics chips, mechanics [3,4].

Because point-by-point scanning is relatively slow, a number of techniques were
developed to improve the overall speed for the micro-structuring. In addition, elongated
voids cannot be formed by scanning, since a nano-void produced by a first pulse would be
erased by the microexplosion produced by the second pulse next to it [5]. Bessel beams
were revealed to be excellent candidates to control the formation of high aspect ratio
elongated structures inside transparent materials [6,7]. Bessel beams are formed by a
conical superposition of plane waves, where the central hotspot maintains its diameter
over the whole length of the interference region [8,9]. Importantly, when the focusing angle
of the Bessel beam is sufficiently high, the conical flow of energy crosses the high-intensity
region only in the central hotspot. This drastically reduces the influence of the Kerr effect,
so that longitudinally-invariant structures can be processed within dielectrics [10-12].

Laser structuring with high aspect ratio is particularly useful in the context of stealth
dicing, a concept in which a series of pulses under high-speed translation of the sample
is used to create an entire modification plane [13]. A mechanical, chemical, or thermal
stress is then used to cleave the glass along the modified plane. The main benefit of this
approach is that cutting is possible at very high speed (typically 10 cm to 1 m per second).
Filamentation, i.e., ultrafast pulse self-channeling in glass, was first used for stealth dicing
purposes [14,15]. Bessel beams offer in addition the possibility to control very easily the
onset of the material damage by simple geometrical considerations since nonlinear effects
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are reduced. They were used to cut glass and sapphire [16-20]. Since beam length and
focusing angle can be independently adjusted, it is also possible to produce very long
Bessel beams with the same angle that allows for cutting thick glass. This however requires
high pulse energies since the energy is spread over the entire focal line of the beam [21].
With millijoule energy, Bessel beams were used to cleave glass up to 1 cm thick [22,23].
Recently, breaking the symmetry of the Bessel beam was used to improve the precision and
ability of guiding fractures [24-27]. Controlling the formation of voids with ultrafast laser
pulses is key to improve the stealth dicing of glass.

Here, we show that, depending on the material, voids do not form for the same pa-
rameters. We compare three glass types: fused silica, Corning® Eagle XG®, and Corning®
Gorilla® glass. We investigate the regimes in which various structures are produced using
single shot Bessel beams depending on pulse energy, pulse duration, and position in the
sample. We observed that these three parameters control the formation of various types of
structures inside glass. Future development of applications such as laser cutting should
therefore operate in the right parameter window.

2. Materials and Methods

Our experimental setup (see Figure 1) is composed of a chirped pulse amplified (CPA)
Ti-Sapphire laser source, at 800 nm central wavelength and of a reflective axicon (Cailabs)
associated to a telescope arrangement to magnify the cone angle [28]. The laser pulses
can be stretched from 100 fs to 3 ps using the grating compressor of the amplifier. The
experimental characterization of the beam is shown in Figure 2. The Bessel beam has a cone
angle of 19.5° in air, which corresponds to a central spot diameter of 0.9 um Full Width at
Half Maximum (FWHM). The Bessel beam length is ~220 pm FWHM. One can notice the
high degree of circular symmetry of the Bessel beam. All samples were 700 pm thick.

. Reflective
15t Bessel region axicon

4f-system

2" Bessel region

white light I‘ ™ CcD
source L camera

Sample mounted
to 6-axes stage Imaging system

Figure 1. Experimental setup. Ultrafast laser beam is shaped by a reflective axicon (Cailabs). It is
then demagnified by a telescopic arrangement in a 2f-2f configuration. Laser-written structures are
observed using an incoherent white light source.

15 M1
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Figure 2. Characterization of experimental Bessel beam. (left) Longitudinal cross-cut of fluence
distribution as a function of relative propagation distance in air. Please note aspect ratio of axes.
(right) Cross-section of fluence distribution at center of beam.

196



Materials 2021, 14, 6749

After processing, the laser-modified regions were characterized by scanning the
sample with white light, brightfield illumination, in an optical microscope arrangement
with a numerical aperture of 0.8 and aberration-correction. Stitching the microscope images
provided high resolution images of the whole high aspect ratio structure. Figure 3 shows
the result of single shot illumination in fused silica at a pulse energy of 52 yJ, for increasing
pulse durations. A periodic background pattern can be observed and simply arises from
the illumination inhomogeneity associated to the stitching operation.

125 fs
1:1 zooms
250 fs

500

1000 fs

2000 fs

Figure 3. Microscope images of damages produced in fused silica glass for several pulse durations,
for same beam position inside sample and for a constant single shot energy of 52 pJ. Please note
image aspect ratios (left insets show 1:1 zooms of panels to their right). Beam propagates from left
to right.

3. Results
3.1. Microstructure Types

In Figure 3, at a pulse duration of 125 fs, only a line of faint index change is observable.
In the cases of 250 and 500 fs, high- aspect ratio voids are observed, they are characterized
by black marks. We readily see that the void structure is shorter than the Bessel beam
length. The void is present only in the moderate intensity region while in the highest
intensity region, the void structure has almost vanished. From 1 ps, the black mark is split
around its center into small dots: these are void bubbles (see scanning electron microscopy
image in Fig. 4 of reference [29]). This process is called bubbling hereafter. Faint bubbling
appears here in the central region of the Bessel beam and is slightly stronger for the case of
2 ps.

Importantly, the morphology of the material transformation can vary along the beam.
An example is shown in Figure 4 where we report the results for the interaction of a 3 ps
Bessel beam in Gorilla glass for different focusing positions inside the sample. In this
example, the material modification undergoes minor variations with the position. We can
observe three sections with different morphologies from left to right: (i) a void with faint
bubbling in the relatively low intensity region of the Bessel beam (onset), (ii) a wide index
modification in the highest intensity segment of the Bessel beam, and (iii) a void. The
central panel allows us to understand the ordering of the material modification type with
increasing intensity: index modification on a small diameter (central lobe), void formation,
structure with more or less randomly distributed bubbles, wide index index modification
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on a diameter much larger than the beam central lobe. The wide modification is developed
longitudinally step-wise, suggesting a threshold-based mechanism. It erased all structures
like void or bubbles. Note that the bubbles appear elliptical because we compressed the
horizontal axis scale by a factor 5.

Figure 4. Brightfield microscopy images of damages produced in Gorilla glass with 3 ps pulse
duration at a constant energy of 52 uJ as in Figure 4. Position of beam in sample was varied from top
to bottom. Please note image aspect ratios (left insets show 1:1 zooms of panels to their right).

We further explored, in a parametric study, the evolution of the laser-induced struc-
tures as a function of pulse energy, pulse duration, and beam position. We summarized our
results in Figure 5 for three positions of the Bessel beam inside the fused silica sample. In
Figure 5a, the beam is positioned at the center of the sample such that none of the entrance
and exit surfaces are damaged. We classified the modifications in 5 groups, ranging from
no damage to strong bubbling. We note that we did not make a separate class for the wide
index modification, such as the one shown in Figure 4, because those modifications are
conventionally useless for applications. Also, they often occur alongside voids, which we
are more interested in. For the drilling and cutting of glass applications, the narrow index
modifications and nice voids, shown respectively as gray and green markers, are the most
interesting features. When bubbling occurred on a substantial section of the beam, the
structure was classified as bubbling.

In Figure 5a, we see that the relatively large range of parameters allow for inducing
nice voids in fused silica, similarly as in reference [30]. Higher energies and longer pulse
durations tend to create bubbling. When the pulse duration is increased, the energy
required to open a void is reduced, but bubbling also arises earlier. The energy range over
which nice voids can be opened is reduced at longer pulse durations. In Figure 5b, the
beam crosses the entrance side. In this case, the shortest pulse durations provide conditions
where voids can be opened on a larger range of parameters. The presence of the interface
increases the ability of void opening after energy deposition, as was already noticed in
a former reference [6]. In Figure 5c, the beam crosses the exit interface. In this case, the
short pulse durations induce voids with very small diameters. A much larger range of
energies and pulse durations enable void formation. In almost all the cases tested here,
nice voids could be produced. We hypothesize that our results can be understood by the
following: the presence of the interface allows the phenomenon of ablation cooling [31]
where a fraction of the energy deposited inside the material can be evacuated via the open
channel at the surface. This allows for a fast quenching of the material relaxation which
increases the capability of “freezing” a void before the compressed melt part surrounding
the void can close it. In the case where the beam crosses the entrance surface (Figure 5b), the
dynamics of plasma formation is slightly different from the two other cases because a dense
plasma can form on the surface which can then shield light preventing void formation in
the very first micrometres from the surface. This could prevent the effect of the ablation
cooling described above.
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Figure 5. Morphology of single shot-induced damage in fused silica as a function of pulse energy and
pulse duration. This is performed for a Bessel beam position: (a) at center of sample, (b) crossing the
entrance surface, (c) crossing exit surface.

3.2. Other Glasses

In Figure 6, we show the results for Eagle XG glass (Figure 6a) and Gorilla glass
(Figure 6b) when the beam is enclosed within the sample, as in Figure 5a. For these two
materials, the situation highly differs from the case of fused silica. Overall, it is much more
difficult to create voids, particularly for short pulses, where no modification is apparent
below a threshold pulse duration of 1 ps.

The operating window for void formation is restricted to a small energy range before
bubbling sets in. This window is even smaller in the case of Gorilla glass. For most of
the pulse durations in Gorilla glass, above the energy for the bubbling regime, only faint
structures are found, whereas this phenomenon occurs in Eagle XG only for 1.5 ps and
never in fused silica. It could be attributed to a slower relaxation in Gorilla glass than in
that of the other media.

We attribute the differences between the different glasses in terms of void opening
to the difference in softening point. Indeed, it exceeds 1500 °C for fused silica, while it is
only of 971 °C for Eagle XG, and 853 °C for Gorilla glass. Therefore, assuming a similar
profile of laser-deposited energy, the molten region is wider in the case of Eagle XG and
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Gorilla glass than in the case of fused silica. This would lead to a faster quenching of the
relaxation in fused silica, with stronger gradients, in contrast with the other two glasses.
In Eagle XG and Gorilla glass, beam positioning close to the entrance and exit surfaces
yield to similar tendencies as in the case of fused silica. While no major differences could be
observed with Figure 6 when the beam crosses the entrance surface, we observed a much
larger operating window for void opening when the beam crosses the exit surface for both

glass types.
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Figure 6. Morphology of single shot-induced damage in (a) Eagle XG and (b) Gorilla glass as a
function of pulse energy and pulse duration. Beam is centered inside sample.

3.3. Large Heat-Affected Zone for Picosecond Pulses

Figure 7 shows the result of a 3 ps laser shot in Eagle XG. One can notice that the heat
affected zone is very wide, typically above 8 um in diameter. Importantly, in this regime,
the bubbles are not aligned: it seems that they have randomly moved from the optical axis
during the relaxation stage. This well supports the interpretation of a large molten layer
around the void at large pulse energies and duration.

Figure 7. Strong bubbling in Eagle XG glass. Pulse duration is 3 ps, pulse energy 141 pJ. Please note
image aspect ratio. Bottom inset shows a 1:1 zoom of marked area in panel above.
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4. Conclusions

We observed that void formation in transparent glasses strongly depends on energy
and pulse duration. In fused silica, voids can be formed for a relatively large set of
parameters. By increasing pulse energy and pulse duration, the high aspect ratio void
channel splits into bubbles with a diameter of approximately 1 um. This structure can even
vanish for higher energies. In Eagle XG and Gorilla glass, only very long pulse durations
could yield void formation, but for a very limited energy range. For a pulse duration of
2 ps and 16 uJ pulse energy, a void can be formed in all three materials, with a length
of 150 4= 10 um in Eagle XG, of 170 & 10 pum in fused silica and the highest length is for
Gorilla glass with 230 £ 10 um. For all materials, we remark that void formation is possible
over a larger range of energies when the beam crosses the exit surface.

We interpret the evolution of the morphology of the damages induced by ultrashort
Bessel beams in these glasses in the following way. For sufficiently high energies, a
void can form inside glass, either after a micro-explosion [32,33] or by cavitation inside
a molten zone [34]. We infer that this void can be transiently surrounded by a molten
layer, whose thickness depends on the glass type and pulse duration. The longest pulse
durations and the highest energies tend to increase the thickness of the molten layer. A
low softening point, such as in the case of Eagle XG and Gorilla also increase the molten
layer. Thicker molten layers increase the occurrence of bubbling or are even closing the
void. We understand the formation of bubbles as a redistribution of the material during the
cooling stage by splitting or even fully closing the void transiently formed. We interpret the
role of the exit surface as a cooling agent. The evacuation of a fraction of the hot material
via the void channel produced at the center of the Bessel beam, allows for quenching the
relaxation and maintains the void structure even for parameters where the void would
be partially or totally reclosed by the molten material around it. Recent results on double
pulse illumination let us anticipate that double pulse could partially reduce the amount of
the molten layer, and increase the temperature contrast between the optical axis and the
surrounding lobes [35].

These results shed light on the formation of high aspect ratio void channels inside
different glasses. We believe they will impact on future technologies for ultrafast laser
material processing of glass.
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Abstract: In this study, we report on the optimization of the direct laser interference patterning
process by applying the design of experiments approach. The periodic line-like microstructures of
a 8.50 um spatial period were fabricated by a two-beam interference setup with nanosecond laser
pulses, varying laser fluence, pulse overlap, and hatch distance. Central composite design with
three factors and five levels was implemented to optimize the required number of experiments.
The experimental and numerical results show the impact of various structuring process parameters
on surface uniformity. The responses measured are the structure height, height error, and waviness
of the pattern. An analysis of the microstructures on the patterned surface was conducted by
confocal microscopy and scanning electron microscopy. A 3D-characterization method based on
morphological filtering, which allows a holistic view of the surface properties, was applied, and a
new qualification scheme for surface microstructures was introduced. Empirical models were also
developed and validated for establishing relationships between process parameters and performance
criteria. Multi-objective optimization was performed to achieve a minimal value of structure height
errors and waviness.

Keywords: nanosecond laser; direct laser interference patterning; design of experiments; central composite
design; morphological filtering; surface texture homogeneity; micro structuring; bearing steel

1. Introduction

The functionalization of technical surfaces by producing deterministic topographies today
represents an innovation carrier of modern materials engineering. Nature has shown to be the best
surface engineer, and the design of these textured surfaces often follows a biomimetic approach
motivated by natural designs [1,2]. Therefore, mimicking natural designs helps in understanding
the role of surface microstructures and to correlate topographies to macroscopic surface properties.
For instance, these well-defined and highly-oriented structures fabricated at the micron and sub-micron
scale on surfaces of modern industrial products enable a clear innovation potential to improve
products performance significantly [3]. This upgrade concerns a wide range of applications, such as
antifouling [4], wetting control, [5,6], tribology [7-10], electrical conductivity improvement [11],
cell adhesion [12], as well as surface optical appearance alteration [13,14]. However, the reproduction
of these versatile surface structures represents one of the most significant technical challenges today
due to their complexity.

In this frame, non-contact manufacturing processes, such as laser-based microprocessing, arose as
an extremely viable approach for mimicking natural surfaces because it cannot only provide both the
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required technological and economic aspects but also ensures the capability to produce high-resolution
features [15]. Nowadays, the most prominent laser patterning approaches are direct laser writing,
laser-induced periodic surface structures, and direct laser interference patterning [15].

In direct laser writing, the focused laser beam is scanned over the material surface employing
pulse-to-pulse strategies, and the resolution is limited by optical diffraction at the focal position.
In the case of laser-induced periodic surface structures, repetitive patterns are obtained based on
self-organization processes with feature sizes even below the diffraction limit and in the range of the
wavelength, or even much smaller [16]. On the other hand, direct laser interference patterning (DLIP)
takes advantage of the physical principle of interference of coherent light waves to produce periodic
structures on a surface by transferring the pattern shape directly to the material when sufficient laser
energy per unit of area (fluence) is applied [17-20]. The interference patterns are formed by splitting
a coherent laser beam into multiple beams and hereafter overlapping them on the samples’ surface
(see Figure 1a,b). Therefore, due to constructive and destructive interference, a specific intensity pattern
is obtained, and the size of the periodic structures can be controlled by varying the angle between the
interfering beams and the laser wavelength, according to Equation (1):
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Figure 1. (a) Schematic representation of DLIP optical setup; (b) schematic view of the interaction zone
(with a diameter @) of two beams intercepting at angle 26 and forming an interference pattern with a
particular period of A; (c) distribution of pulses during the DLIP process: &, d, and /; denote the laser
beam diameter (at level 1/e?), pulse overlap, and hatch distance, respectively.

Despite the simple optical arrangement required for DLIP for fabricating periodic structures, it is
also important to assure in several cases a uniform distribution of these structures to guarantee, overall,
a specific surface functionality.

As reported in several studies, the quality of the final surface morphology strongly depends
on laser-material interaction and, thus, on the used laser beam profile and the structuring
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strategy [21,22]. During the DLIP process, laser-material interaction occurs predominantly at the
positions corresponding to the interference maxima, inducing various metallurgical processes, such as
melting, ablation, and recrystallization [20]. During nanosecond-pulsed laser processing of metals,
structuring mechanisms are mainly based on recoil vapor pressure as well as on Marangoni convection,
which have an effect on the overall picture of melt flow [22-24]. In most of the commercial laser
systems, the laser beam profile has a Gaussian distribution (TEMyq profile), which necessitates the use
of advanced processing strategies, such as consecutively overlapped irradiation of interfering laser
pulses in order to form homogeneous structures on large surface areas. For example, Aguilera et al. [22]
used this technology and varied different processing parameters in order to produce homogeneous
structures on a large surface area. Experiments were carried out in such a way that one process
parameter (factor) was applied and varied through different values (levels), then the response was
analyzed, whereas the other factors remain unaffected. This procedure is called one variable at a
time [25]. For instance, in the mentioned study, discrete values of overlap distance, hatch distance,
and fluence were chosen for specific special periods, and it was found that for fluence F = 1.42 J/cm?,
98.5% overlap and hatch distance of 20 pm, for 120 pm beam diameter spot, the structured surface
was uniform and, thus, obtaining a homogeneous periodic pattern [22]. However, this approach is
time-consuming since several variables have to be to screened independently, resulting in a large
number of experiments. Furthermore, the number of experiments increases exponentially with the
increase of the number of the factors and their levels.

Additionally, in one variable at a time method, it is impossible to single out the effects of factors
interaction that can only be observed when varying multiple factors at the same time. Furthermore,
by applying one variable at a time approach, it is possible to miss a process window with optimal
settings of factors that will give the desired response. Therefore, these factors should not be examined
independently. They should be taken into account simultaneously and must be investigated together
since one factor might depend on the level of the other factor. In this case, a more effective approach
is a statistical design of the experiment, which aims to decrease the number of experiments and to
study the effect of interactions between different factors. For this purpose, many experimental design
methods, namely, Plackett and Burman, factorial, Box-Behnken, and central composite design (CCD),
have been developed [26-28]. Among these experimental methods, CCD developed by Box and Wilson
is a very efficient experimental design method to reduce the number of experiments in the studies with
a large number of factors and levels [28]. CCD has more advantages compared to other experimental
design methods. For instance, it provides high-quality predictions in studying linear and quadratic
interaction effects of factors influencing a system. Whereas interactions, unobserved in Plackett and
Burman’s experimental methods and Box—-Behnken has less coverage than in the case of CCD [28,29].
Therefore, CCD has been widely used in the fields of engineering and science [29-34]. The CCD
consists of three main parts and of 25 + 2k + 1 runs.

The factorial part of CCD is a two-level design with 2¥ factorial points at the corners of a cube
denoting its design in space as shown in Figure 2. For a cube design, the number 2 in the last expression
results from the amount of levels, and k is set to 3, representing the number of factors. The other
part of CCD is fixed at the center of the design space and consists of 1 center points (see Figure 2),
which represent the middle levels of all the factors investigated. The replication of these points allows
estimation of experimental error, detection of curvature in the fitted data, and checking the adequacy
of the model. Consequently, the replication of the entire experimental design is not required [28].

The last part comprising CCD is to define the axial points. There are 2k axial points in a CCD,
and they establish new extreme levels (the lowest and the highest level) for each factor. The distance
between the axial and center points is denoted by + a value, where a = 2K/# = 1,68179 for k = 3.
This value gives rotatability to the design, which ensures that the variance of the model prediction is
constant at all points equidistant from the design center [35]. It makes the CCD method able to explore
the wide process space and to capture a strong curvature for studying the effects of the interactions
between the design factors on the model [36-38].
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In this contribution, we present the optimization and fabrication of homogeneous periodic surface
microstructures on bearing steel (100Cr6) using the design of experiments approach and employing
a two-beam-DLIP setup with an infrared (IR) nanosecond laser. Since it has been shown that the
improvement of the structure homogeneity is more dependent on the strategy used during the
experiments than on the pulse duration of the laser source, the aim is to optimize the DLIP process
parameters such as laser peak-fluence, pulse overlap, and hatch distance (see Figure 1c) with respect to
the structures” height and surface texture homogeneity by performing the CCD method. The surface
topography is characterized using confocal microscopy and scanning electron microcopy analysis.
Furthermore, a 3D-characterization method for measuring the pattern homogeneity was applied based
on morphological filtering [39-42], which allows a holistic view of the surface properties, and a new
qualification approach of DLIP surface structures was introduced. The method presented here is of
significant relevance to assure, in the future, a certain performance over the whole treated area as well
as to permit in relevant industrial processes to quantitatively describe the produced topography in
terms of homogeneity. It is required, for instance, for quality management.

--A(+a,0,0)

(1-1,1)

(-1-1-1) A (1-1-1) = 6 central points
(0,- @,0) ¥ =38 factorial points
A =6 axial points

Figure 2. Central composite design with three factors and five levels each.

2. Materials and Methods

2.1. Materials

The laser texturing experiments were performed on a hardened bearing steel surface (100Cr6),
commonly used for the manufacturing of automotive components. The test samples were cut into
round shaped substrates with a diameter of 40 mm and 10 mm thickness. Each test surface was ground,
resulting in surface roughness S, of 0.74 pm (DIN-ISO 25178). Before the laser treatment, all samples
were cleaned using isopropanol.

2.2. Nanosecond Two-Beam-DLIP Setup and Process Strategy

The laser experiments were carried out using a two-beam DLIP-pFab system (developed by
Fraunhofer IWS, Dresden, Germany), which produces the interference spot that contains a line-like
intensity pattern. The system is equipped with a pulsed Q-switched Nd:YLF laser (Laser-export Tech-
1053 Basic, Moscow, Russia), operating at 1053 nm wavelength and providing 12 ns pulses with pulse
energy up to 290 yuJ at 1 kHz. The laser emits the fundamental transverse mode (TEM) with a laser
beam quality factor of M? < 1.2. This system also includes a compact DLIP optical head, where the main
beam is split into two beams using a diffractive optical element (DOE), then the beams are parallelized
by a prism and finally overlapped using a lens with a focal distance of 40 mm (see Figure 1a). Such an
optical configuration provides the fully-automatic control of the spatial period of the interference
profile between 1.45 um and 8.50 um by varying the incidence angle of the beams (0) on the sample,
which, in turn, is realized by moving the prism with respect to the DOE [43].
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In this study, different pulse peak-fluences F, (ranging from 4.97 J/em? up to 7.07 J/em?2) were used
to determine the energy range needed for uniform structuring of bearing steel surface. The peak-fluence
on the interference spot was calculated according to Equation (2):

~ 2nP
P frw?’

@

where 7 is a number of interfering beams, P and f is power and repetition rate of the laser, respectively,
and w denotes a beam radius (at level 1/e?). In this work, the beam radius w was determined using the
D-squared method and was equal to 52.5 um [44,45].

To structure larger areas, the sample was moved by XY-stages (PRO Series, Aerotech Ltd., Tadley,
UK) with linear speeds ranging from 0.22 cm/s to 1.60 cm/s. The arrangement of the pulse position in
the structuring process is illustrated schematically in Figure 1c. This process occurs consecutively such
that first overlap in the x-direction (feed direction) occurs then substrate is moved in the y-direction by
hatch distance, making an overlap also in y-direction. Notable that x-direction was chosen as feed
direction since it is parallel to the orientation of the line-like pattern, and thus guarantees a well-defined
periodic structure. The pulse-to-pulse overlap in x-direction is denoted as Pp (%) and represented as a
function of pulse-to-pulse separation distance d (d = Vgcanf, Where Vgcan is the scanning speed of x-axis
and f is the used laser pulse repetition rate) and the laser beam diameter & using Equation (3):

Po [%] = (1 -2 )-100% ©)

In the experiments, the pulse-to-pulse overlap was varied between 82.56% and 98.52%. On the
other hand, the hatch distance /1; (distance between the vertical lines) was controlled by shifting the
sample with the y-axis in such a way that /1; was always kept multiple of the spatial period. In addition,
hatch distance h; was varied from 25.5 um up to 68 um. The laser pulses overlap in y-direction is also
introduced, and it can be represented as a function of hatch distance /1; and the laser beam diameter @
(at level 1/e?) using Equation (4):

o/ ] — _IE . 0,
Hp [%] = (1 o )100 % 4)

2.3. Central Composite Design Method

In the present study, the experimental plan with the variation of parameters and statistical analyses
of the experimental data was carried out using MINITAB 18 statistical package. The experiments were
designed based on the CCD method. In Figure 2, each axis corresponds to a factor while each point
on the cube represents certain levels. The three selected factors are fluence (X1), pulse overlap (X»),
and hatch distance overlap (X3). It is recommended that six center points are taken in a CCD with
three factors [35].

As was stated before, the center point is replicated to find the experimental error, and so the
replication of the entire experimental design is usually not required. However, during pretests model
variability (i.e.,, how well the regression model fits the experimental data) determined by the R? factor
was <80%, which is less than the acceptable value according to [38]. Therefore, it was decided to make
a replication of the entire experimental design in order to increase the statistical significance of the
measurements and improve the models’ regression fit. As a result, the factorial, center and axial points
in a CCD method build up an experimental design with five levels for each factor and three replicates,
making 60 runs in total (3(2X + 2k + m) = 3(8 + 6 + 6) = 60). The designed 60 experiments of the DLIP
process were conducted in random order to exclude any bias in the response variables and to avoid a
systematic error associated with the specific factor combinations as it was suggested in [28,37].
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The experimental plan with the coded and uncoded levels of design factors is presented in Table 1.
The low, middle, and high levels of each factor are coded as —1, 0, and +1, respectively, while the
lowest and the highest levels are coded as —1.5 and +1.5.

The mathematical relationship of Y response on the corresponding factors is expressed by the
following second-order polynomial equation [36,37]:

k k k k
Y=Po+ Y BiXi+ Y piXP+ )Y BiXiXj+te;i=1,2, .., kj=2 . ,ki#j (5
i=1 i=1

i=1 j>i

where Y is the observed response value (structures height, structure-height-error, and waviness
percentage); X; and Xj are the coded values of factors, B is the constant, f;, ﬁj, and ﬁij are the linear,
quadratic, and interaction coefficients respectively, k is the number of the factors, and ¢ is the error
term. MINITAB was also used to generate the Pareto charts, response surface, contour plots of factors,
as well as the optimization plots. Excluding the control factors, each test was carried out under the
same experimental conditions in the ambient environment without post-treatment.

Table 1. Factors and their adopted (uncoded) values at different coded levels.

Factors (V) Symbol Coded: -1.5 -1 0 +1 +1.5
Uncoded Values of Coded Levels:
Peak-Fluence: F (J/cm?) X1 4.97 5.32 6.02 6.72 7.07
Pulse Overlap: Pg (%) X5 8256 8522 9054 9586 98.52
Hatch Distance: Hp (%) X3 40 46 58 70 76

2.4. Surface Characterization

The 3D surface topography of structured samples was characterized using confocal and coherence
scanning interferometry microscopy (Sensofar, S Neox non-contact 3D Surface Profiler, Barcelona,
Spain) employing a 50x magnification objective, with a lateral and vertical resolution of 340 nm
and 4 nm, respectively. Using this objective, a total area of 351 pm x 264 um could be recorded
in each measurement. Afterward, using the software MountainsMap® 7.4 (Digital Surf, Besangon,
France), the surface profiles of the recorded topographies are extracted applying morphological filters
(ISO16610-14), and the topographical 3D roughness parameters are calculated by the recognized
measurement (ISO 25178-2). In addition, topographical measurements have been carried out using a
scanning electron microscopy at an operating voltage of 15 kV (JEOL, JSM 6610LV, Tokyo, Japan).

To describe the homogeneity of the fabricated structures, two topographical parameters were used,
namely, structure height error and waviness. Waviness shows how the structure height is changing at
distances larger than the structure period. This kind of structure inhomogeneity is caused by too large
a hatch distance between the laser pulses [22]. However, when the structure hatch distance is small
enough, the waviness of the structure becomes close to zero. At this point, the homogeneity of the
structure is described better by the structure height error parameter.

2.5. Development of a Topographical Analysis Method

To perform a homogeneity analysis of the structured surface, an analysis algorithm, based on
the extraction of surface envelopes from the measured surface (S) using morphological filters (MF),
was developed. A morphological filter is based on two morphological operations, dilation, and erosion,
that work using a structuring element (SE) of a given size [41,42]. In this case, the SE was set to the size
of the structure period A. By applying the dilation (AMF) and erosion (eMF) morphological filtering
the upper (U) and lower (L) structure envelopes were achieved, respectively (profile inset Figure 3a).
The U and L envelopes represent the distribution of heights and depths of structure hills and valleys,
respectively. Accordingly, H = |U — L| represent the fabricated structure height distribution. Then,
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the average structure height (h) and its error (herr) can be calculated by finding an average and root
mean square of H, respectively. Equations (6) and (7) represents the mathematical procedures described
in this paragraph:

U = eMFsp-A(S); L = dMFsg-x(S); H = U ~L}; (6)
RMS(H
hery = %100%. @

In order to separate structure height error from the waviness calculations, special filtering is
applied to the measured surface S. Spatial filtering is performed by calculating the fast Fourier transform
of the S, then applying spatial filter and finally performing the inverse Fourier transform on the filtered
Fourier space data:

(i) : FS = iFFT(S_Filter (FFT(S))) ®)

As it was mentioned in Section 2.4, the waviness is proportional to the hatch distance between the
laser pulses. Therefore, the waviness is measured by using similar technique described in previous
paragraph, but with structuring element of the MF filter equal to the hatch distance that was used to
form the structure. Altogether, the calculation of the waviness consist of few steps. First, the upper
(Urs) and lower (Lrs) envelops of the filtered surface (FS) are calculated:

(ii) : Ups = eMFsp—n (FS); (iii) : Lps = dMFsp—a(FS). 9
Then the upper and lower envelopes of Urs and Ufs are calculated with SE = h;:

(iv) : Uy = eMFgp—p, (UFs); (v) : Uy = dMFsp—y, (Urs);

. . (10)
(vi) : Uppg = eMFsp—y, (Lrs); (vii) : Lips = dMFsp_p, (Ls)-
Finally, the waviness of the function is expressed by Equation (11):
Hy = (UUFS - Uups)/' Hp = (ULFS _LLFS); Hwao = Hu + Hr; Hyotar = Utlps — Liggs an

W1[%] = 722100

total

{ES) Profile!

Figure 3. Topography images of (a) measured DLIP surface and (b) filtered surface with corresponding
roughness profiles. The insets show Fourier transform of each of the surfaces.
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An example of this procedure is shown in Figure 3, in which explanation is done on 2D profiles
instead of 3D for simplicity. It shows the topography image of a DLIP structured surface measured by
confocal microscope in Figure 3a,b represents its filtered Fourier space. The inserts in both images show
the fast Fourier transforms of the corresponding topographies and visualizes how the smallest scale
elements from surface (a) that form the noise (unreal measured peaks, solidified debris, dirt particles,
etc.) are filtered by using the special filtering method (ISO25178), leaving only the surface waviness
and the smaller line-like pattern. Additionally, the extracted profile pictures of selected areas are shown
for both cases, showing the different topography feature indicators described in the previous section.

3. Results and Discussions

3.1. Statistical Analysis of Results

The surface of the steel sample was patterned using the two-beam DLIP configuration. The usec
processing strategy was already described in Section 2.2. Areas with a size of 3 X 3 mm were structured
with different processing parameters. The varied process parameters were (i) hatch distance, (ii) pulse
overlap, and (iii) peak-laser-fluence (see Table 1).

The scanning electron micrographs of three exemplary patterned surfaces are shown in Figure 4b,d.
The surfaces were processes with the following process parameters: F = 6.02 J/cm?, Po = 90.54%,
Hp = 58% (Figure 4b), F = 6.02 J/cm2, Po = 98.52%, Hp = 58% (Figure 4c) and F = 6.72 J/em?,
Po = 98.52%, Hp = 70% (Figure 4d). The reference topography with initial surface roughness is
presented in Figure 4a. Due to the high roughness of the initial samples’ surface, the grinding stripes are
still be visible after the laser process (see features perpendicular to the line-like structure in Figure 4b).
In this case, low laser fluence and pulse overlap were used, which leads to the formation of shallow
structures with height in the range of surface roughness. Differently, at higher fluence values and/or
increased pulse overlap, the initial surface roughness is flattened as it can be seen from Figure 4c,d.
Furthermore, the high magnification images depicted in the insets of Figure 4c,d clearly show that
during nanosecond-pulsed laser treatment besides ablation phenomena, redeposition of the molten
material driven by Marangoni convection and recoil vapor pressure [22,24] takes part in the structuring
mechanism, creating structures with higher aspect ratios (height to spatial period ratio) [46].

In addition, to the periodic microstructures produced by the interference pattern, also waviness of
the structured topography is very pronounced for the used hatch distances 42.5 um, which corresponds
to Hp = 58% in Figure 4b,c. This structure topography can be explained since the interference patterns
are obtained using two overlapped beams with a Gaussian intensity distribution (TEMyy), which results
in an interference pattern also with a Gaussian distribution [47,48]. Therefore, due to the Gaussian
beam profile, the fluence in the center of the spot is higher, which lead to high cumulative energy
and, thus, strong ablation and a significant quantity of molten material occur. Furthermore, since the
sample is moved in the x direction (parallel to the orientation of the interference lines) and the pulses
are overlapped, which leads to deeper structures at the central area as well as shallow structures at
the periphery, producing the larger repetitive structure. Moreover, the repetitive length of waviness
modulation is equivalent to the hatch distance used as reported in [22].

For determining the general surface texture homogeneity, the experimental results obtained by
using the topographical analysis method described in Section 2.5 were analyzed statistically. Analysis of
variance (ANOVA) was performed to identify the significance of the factors and their interactions as
well as for estimating the adequacy of the model. Pareto charts of the ANOVA standardized effect
estimates are presented in Figure 5. A Pareto chart is very useful for reviewing a large number of factors
and for presenting the magnitude and the importance of the effects. In the plotted diagrams, a vertical
reference line indicates the minimum magnitude of statistically significant effects, which depends on
the significance level denoted by o and set in our model to 0.05 (5% of risk) by convention described
in [49]. In addition, the bars that cross the reference line are statistically significant.
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Figure 4. Scanning electron micrographs of initial surface topography (a), and the nanosecond DLIP
structures produced on 100Cr6 steel using spatial period A = 8.50 um, and the corresponding processing
parameters: F = 6.02 Jjem?2, Po = 90.54%, Hp = 58% (b), F = 6.02 J/cm?2, Pg = 98.52%, Hp = 58% (c),
and F = 6.72 J/cm?, Pg = 98.52%, Hp = 70% (d). The insets show the corresponding magnification of
the topographies.

For instance, in Figure 5a where different standardized effects in the structure height response are
shown, it is worth to point out that pulse overlap (X3) as well as laser-fluence (X;) have the highest
effect on the formation of structure height. Other significant effects according to the developed model
are square interaction of each of pulse overlap (X»x2) and laser-fluence (X;X;) as well as their two-way
interaction (X1 X3). Other relevant single effect which is worth to mention is the hatch distance (X3),
whereas the square interaction of hatch distance (X3X3) as well as the two-way interactions between
hatch distance with each of fluence (X; X3) and pulse overlap (X,X3) are not significant at the 0.05 level
with the current model terms.

In the same manner, the Pareto chart of Figure 5b, shows the standardized effects for structure
height error. In this case, almost all factors have significant effects at the 0.05 level on the model,
except those of single, square and two-way interactions of pulse overlap (X3, XX, X5 X3, and X;X5).
Finally, in the Pareto chart shows in Figure 5c¢, it is possible to see that for the standardized effects
for waviness, almost all factors have significant effects at the 0.05 level, except the effect of single
interaction of pulse overlap (X;) as well as the effects of each of the two-way interactions between
pulse overlap with each of fluence (X;X5) and hatch distance (X, X3).

Moreover, from the Pareto charts, it is possible to determine the most influencing factors among
all the relevant candidates. This is visible when calculating the contribution in percentages of each
factor for the different developed models, which is shown in Table 2. The results show that pulse
overlap (Xy), followed by fluence (X ), have the highest contribution to the structure height, whereas in
the case of height error and waviness, the hatch distance (X3) followed by fluence (X;) have the
highest contributions.
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The regression equations obtained by removing insignificant terms from the model for each of the

responses are given as follows:

Model #1 : S = 0.883 and R? = 84.82%;
I (m) = 275.50 4+ 2.26X; + 6.41X, + 0.06X3 — 0.79X1 X4 12)
—0.03X,X> + 0.15X; X5

Model #2 : S = 7.740 and R? = 87.54%;

1
Herror (%) = 1368 — 328.60X + 0.11X5 — 9.22X5 + 22.90X; X; + 0.04X3X3 + 055X X3 (13)

Model #3 : S = 8.954 and R? = 84.22%
W (%) = 1943 — 167.40X — 27.30X, — 1.92X3 + 15.13X, X, (14)
+0.15X,X; + 0.03X3X3 — 0.53X; X3
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Figure 5. Pareto charts of the standardized effect of (a) structures height, (b) structures height error,
and (c) surface waviness.

The positive and the negative sign in Equations (12)-(14) represent the synergistic and antagonistic
effects of the factor on the response for each of the models, respectively. Furthermore, the determination
coefficient (R?) of model #1 is 84.82%, showing a acceptable agreement with the experimental data.
Moreover, the standard error of the regression (S) of model #1 is 0.883. This means that this statistical
model can explain 84.82% variability in the response and that the average distance of the structure
height data points from the fitted line is about 0.883 um. It is worth mentioning that S is represented
in the units of the dependent variable. Likewise, in model #2 the determination coefficient (R?) and
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the standard error of the regression (S) are equal to 87.54% (>80%) and 7.74%, respectively. Finally,
for model #3 the corresponding determination coefficient and the standard error of the regression are
as following R? = 84.22% (>80%) and S = 8.954%. It can be concluded from both values that each of the
models is statistically significant.

In order to compare the results from the models with experimental data, the correlation graphs
were analyzed showing a good correlation, as shown in Figure 6. In the plots, the upper and lower
limits of the confidence and prediction intervals are displayed as dashed lines. The confidence interval
displays the range of 95% of possible values for the mean response, whereas the prediction interval
displays the range of 95% of possible values for a single new observation. The R? value in each of the
correlation graphs, shows that the developed model can explain >80% variability in the response.

Table 2. Contribution of significant main factors (in %), their interactions and quadratic effects
of factors from the model for each of the responses, with X; = Fluence, X, = Pulse overlap and
X3 = Hatch Distance.

Response X1 Xz X3 X1 X1 Xz XZ X3 X3 X1 Xz X1 X3 Xz X3 Error
Factors
h (um) 175  46.56 6.96 1.74 9.49 0.13 2.69 0.25 0.02 14.78
ooy (%) 3164  0.05 3424 1525 0.06 3.99 0.37 2.02 0.01 12.02
W (%) 17.75 0.03 53.5 6.43 2.15 2.2 0.15 1.8 0.96 14.67
10.0 Regression —s 90 Regression ..
— — - 95%CI > . 80 | — — - 95%CI S
75 95% PI Z 70 o=
= 60 E
= 5.0 £ 50
= £ 40
= 25 £ 30 A
> P 20 A 7.399
0.0 = _ -~ R-Sq 84.8% 10 | ¥ R-Sq 87.5%
- R-Sq(adj)  84.6% Y R-Sq(adj)  87.3%
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h (predicted)[um)] herror (predicted)[%]
(a)Fitted Line plot: (b) Fitted Line plot:
h[um]=0.3703+1.008 h (predicted)[um] herror [%]=0.06+0.9995 he o, (predicted)[%]
120 .
Regression el
100 — — - 95%CI s <l ~
_____ 95% PI ’
_ 80
2
= 60
40 o= 8.478
¥ 7 R-Sq 84.2%
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(c) Fitted Line plot:
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Figure 6. Correlation fitted line plots between experimental and predicted values for each of (a)
structures height, (b) structures height error, and (c) surface waviness.
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After checking the statistical significance of the model, important interactions of the factors
that mostly affect the response were analyzed by using a graphical tool called interaction plots.
These interaction plots are shown in Figure 7 and they are plotted from fitted values of predicted
responses from the region of interest that consist of central and factorial points, excluding axial ones
due to higher magnitude of prediction error. Figure 7a shows that the change in the mean response
(height), from a low to a high level of laser fluence factor, depend on the level of the other factor which
is pulse overlap. Additionally, the effect of laser fluence on the mean height of the structure is stronger
for higher values of pulse overlap (Po), which is visible by the increasing slope of the curves with
increasing Po level. The maximum height of the structures is reached when both fluence and pulse
overlap are kept at a relatively high-level of 7.07 J/cm? and 95.86%, respectively. Moreover, Figure 7b,c
shows the presence of interaction between the fluence and the hatch distance, which significantly
affect the structure height error as well as surface waviness. It is worth mentioning that an increase
of both the fluence and the hatch distance tends to decrease the structures height error as well as the
surface waviness and thus to improve homogeneity. However, the increase of fluence is effective only
until the negative vertex displayed in Figure 7b,c. After this critical point, the curve changes its slope,
which means that a further increase of the laser fluence may have an opposite effect in the structure
height and will decrease homogeneity. Indeed, a very high value of fluence can negatively affect the
quality and the height of the fabricated structures, as the accumulated energy may increase, and the
possibility of uncontrolled overmelt occurs, which was already shown in previous investigations [50].

F [J/em?]*Py [%] F [J/em?]*Hp [%]
7 Po [%] = 95.86.~ 1001 N\
6 o — \Hp [%] =46
= = 80
5 4 Po [%] = 90.54 £ NN
= 3 B g0 \Hp =S8 -
s 2 o g _ ~——
- (/_,,,// E 20 ~ S~ . T
1 L Po [%] = 85.22 -
S~ Hp [%] = 70
0 pr 0 D L7
5.0 55 6.0 6.5 7.0 5.0 5.5 6.0 6.5 7.0
F [J/em?] F [J/em?]
(a) Interaction Plot for h [um)] (b) Interaction Plot for heyo [%]
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Figure 7. Interaction plots of F (J/em?)-Pg (%) for the (a) structures height, and of F (J/em?)-Hp (%) for
(b) structure height error, and (c) surface waviness.
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Finally, all the effects of the individual main effect of each factor, their quadratic terms, as well as
their interactions can be summarized with the help of 2D contour plots, which are generally the graphical
representation of the regression equation. Therefore, the accuracy of the contour plot depends on how
well the model represents the true relationships between the variables. Each response surface presents
the effect of laser fluence and hatch distance on structure height, height error, and surface waviness,
while pulse overlap is held at a fixed specific level of 85.22%, 90.54%, and 95.86%. Each contour
plot in Figure 8 has the dominant characteristic of the non-linear surface (fan-shaped, in this case).
Such non-linearity implies a strong X; X X3 (fluence with hatch distance) interaction effect, whereas it
can be concluded from Figure 8b,c that the pulse overlap does not have a significant effect on the
interaction between laser fluence and hatch distance, which indicates that interactions X, X X3 and X;
x X are negligible. Moreover, the response surface plots exhibit a saddle shape, which means that
any increase or decrease of fluence from the saddle peak results in a decrease of each of the measured
response factors. For instance, in the case of Po = 85.22%, Hp = 60%, and for fluences from 6.5 J/em?
and higher, the structure height saturates and even slightly reduces, because of material overmelting,
as previously reported in [50].
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(a) Contour Plot of h [um] as function of F [J/em?] and Hp [%)]
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Figure 8. Contour plots of (a) height, (b) height error, and (c) surface waviness.
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Similarly, for Po = 90.54%, Hp = 55%, and for fluences from 6.5 J/em? and higher, the structure
height error reaches its minimum and then again increases. The same behavior is observed for surface
waviness by increasing laser fluence more than 6.5 J/cm? at Po = 90.54% and Hp = 72%. It is attributed
to the negative effect of the quadratic term (X; X X;) of the fluence. On the other hand, the quadratic
term (X3 X X3) of the hatch distance has a positive effect on the response. The best values of response
for each of the structure height (>6 pm), height error (<20%), and surface waviness (~24%) are in the
upper right corner of the plot, which corresponds with high values of both laser fluence (X;) and hatch
distance (X3). The lowest values of the structures height (<2 um), height error (>60%), and surface
waviness (>60%) are in the lower-left corner of the plot, which corresponds to low values of both X;
and X3.

The tendency that the increase of levels of varied factors of DLIP process improves the response
in the form of patterned surface homogeneity can be explained by redistribution of cumulative laser
intensity that controls the quantity of molten and ablated material during the movement of the substrate
in the x and y directions. Nevertheless, the factors involved in the DLIP process have an optimal level
after which a further increase will lead to worse response values, which means that the homogeneity
will be damaged and the height of the structure will collapse. This is in agreement with a generally
accepted theory for near-surface melt dynamics during laser processes, where the melt flow (based on
Marangoni convection) is considered as the main driving force in the microstructure formation besides
recoil and plasma pressure [22,24]. In this case, the excess of deposited intensity on the processed
surface that leads to uncontrolled melt of the material that is further explained in [50].

Since both error contour plots (Figure 8b,c) showed that the low error zones can be found for
high laser-fluence and hatch distance (upper right corner), a correlation graph between the structure
height error and surface waviness was realized, permitting to estimate the strength of this relationship.
The correlation graph presented in Figure 9 shows that a high correlation exists between the structure
height error and surface waviness. The fitted equation for the quadratic model that describes the
relationship between /eyor (%) and W (%) is:

W(%) = 37.16 — 1.185 Hepyor(%) + 0.01539 hopror (%)> (15)

The R? in each of the correlation graphs shows that the developed model can explain >80%
variability in the response. However, this statistically significant relationship does not imply that the
height error (Meror) causes surface waviness (W (%)). Nevertheless, since the model fits the data well,
this equation can be used to predict fror (%) for a value of W (%), or find the settings for W (%) that
correspond to a desired value or range of values for lyyor (%).

Fitted Line plot:
h,,y [2%6]=37.16-1.185 W[%]+0.01539 W[%]?
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Figure 9. Correlation fitted line plots between height error (herror (%)) and surface waviness (W (%)).
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3.2. Model Validation

To confirm the validity and accuracy of the developed model, additional experiments were done
in triplicates according to manually chosen parameters (marked by red dots in Figure 8). The DLIP
structuring runs were conducted in the same conditions as in the previous described experiment.
The corresponding topographies with extracted profiles are presented in Figure 10.

ity
.\', W J L) lJ 1 \” >
. ‘[ || Jl JWJ |U |l\" ‘J l'vll\-.,_.lfl'l ||| |'|.|'( | Jl \v | j \

Figure 10. Confocal microscopy pictures of the nanosecond DLIP structures produced on 100Cr6
steel using spatial period A = 8.50um, and the corresponding processing parameters: F = 5.69 J/em?,
Po = 95.86%, Hp = 52% (a), F = 6.4 J/cm?, Pg = 95.86%, Hp = 52% (b), F = 5.69 J/cm?, Po = 95.86%,
Hp = 76% (c), and F = 6.4 J/cm?, Pg = 95.86%, Hp = 76% (d). The insets show the cross-section profiles
of the corresponding topographies.
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After the analysis, the relative error between the calculated surface quality parameters and the
experimental values was calculated for the structures height, height error, and surface waviness
(Figure 11). The results show that the predicted value of the structure height was very close to the
experimental results with a relative error varying between 8.5% and 11% for different parameter sets.
Additionally, the relative error for surface structures error varied between 10% and 20%. In consequence,
the results indicate that the prediction model achieved in the present study is reliable.

Parameter Parameter Parameter Parameter
Set | Set 2 Set 3 Set 4

mh[um]: Relative Error (%)

Relative Error [%]
=

(=31 S I S s

m h error[%]: Relative Error (%)

W [%]: Relative Error (%)

Figure 11. Bar charts summarizing relative error between model-predicted and verification experiments
with parameter sets: (1) F =5.69 J/em?2, Po = 95.86%, Hp = 52%, (2) F = 6.4 J/em?, Po = 95.86%, Hp = 52%,
(3) F = 5.69 J/em?, P = 95.86%, Hp = 76%, and (4) F = 6.4 J/cm?, Pg = 95.86%, Hp = 76%.

3.3. Multi-Objective Optimization

Finally, a multi-objective optimization was performed employing the response optimizer of
Minitab, in order to identify the optimum process parameters that minimize the error in structures
height and waviness. The optimization plot shows the effect of each process parameter (the model
factors; see columns in Figure 12a) on the surface texture characteristics (the responses or composite
desirability; see rows in Figure 12a). The vertical red lines on the graph represent the current factor
settings, and the numbers displayed in red at the top of a column show those current factor level
settings. In the same manner, the horizontal blue lines and the corresponding blue numbers represent
the response values for the current factor level. Moreover, the composite desirability value denoted by
D shows how the response from the predicted factor levels met the initial requirements. Furthermore,
the optimization plot also allows us interactively change and adjust the input variable settings to
perform sensitivity analysis and to search for more desirable or improved solutions.

The predictive nature of the optimization plot is tested against an experimental example, where the
aim was to structure the surface with minimal waviness and line-like microstructures with 5 pm in height
which should have minimal height error. In order to reach a desired surface quality, the developed
model suggests to use the process parameters of F = 6.58 J/cm?, Pg = 92.23%, and Hp = 73.45% with the
composite desirability value equal to 98.7%. Afterwards, the predicted and optimized parameters were
used in the structuring process. The resulting surface topography is visualized in the scanning electron
micrograph presented in Figure 12b. This surface topography is characterized by a 5.43 pum structure
height, ~13.78% height error, and ~25.83% waviness, thus, similar well enough to the predicted values of
4.99 um, 12.23%, and 29.63%, respectively. Consequently, this demonstrates that the developed model
is statistically reliable and can be used for prediction and optimization of the processing parameters.
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Figure 12. Summary of the multi-objective optimization process where in (a) Minitab Response optimizer
is presented and in (b) the Scanning electron micrograph visualizes line-like DLIP microstructures
produced on 100Cr6 steel using the processing parameters predicted by the Response optimizer.

4. Conclusions

The present work deals with the experimental investigation and analysis of DLIP processes on
bearing steel material (100Cr6) using a laser texturing strategy by a pulsed nanosecond infrared laser.
The main goal was to investigate the fundamental relationship between the process parameters and
resulting surface texture quality measures by means of a central composite design (CCD) method.
This includes the development of an empirical model which is expressed by second-order polynomial
equations providing linear and quadratic interaction effects of laser processing parameters influencing
measured topographical properties. The developed model was able to accurately describe (with an
accuracy of more than 80%) the correlation of varied factors and the measured response. The data
analysis using the Pareto charts showed that both laser fluence and pulse overlap process parameters
have the highest influence on the resulting structure depth. Furthermore, it was found that the laser
fluence and hatch distance affect predominantly the structure height error and surface waviness of
the fabricated structure. Moreover, the model allowed to identify cross-correlation between laser
fluence and pulse overlap in the case of the structures” height response as well as between laser
fluence and hatch distance in each of surface waviness and structure height error. This implies that
the change in the mean response from low to high level of a factor depend on the level of the other
factor. Furthermore, the model allows to predict optimal process parameters for fabricating target
surface textures with specific quality features. Finally, the model helped to understand how the certain
undesired topographical values, such as structure height error and waviness, can be reduced in order
to improve the homogeneity of the periodic surface structures.
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Abstract: Fs-laser induced element redistribution (FLIER) has been a subject of intensive research in
recent years. Its application to various types of glasses has already resulted in the production of effi-
cient optical waveguides, tappers, amplifiers and lasers. Most of the work reported on FLIER-based
waveguides refers to structures produced by the cross-migration of alkali (Na, K) and lanthanides
(mostly La). The latter elements act as refractive index carrying elements. Herein, we report the pro-
duction of Ba-based, FLIER-waveguides in phosphate glass with an index contrast > 1072, Phosphate
glasses modified with the same amount of Na,O and K,O, and variable amounts of BaO and/or
LapyO3 were used to produce the FLIER-waveguides with Ba and or La acting as index carriers.
Ba-only modified glasses show a waveguide writing threshold and light guiding performance com-
parable to that of La-based structures. However, mixed Ba-La glasses show a much higher element
migration threshold, and much smaller compositionally modified regions. This behavior is consistent
with a competition effect in the cross-migration of both elements (Ba and La) against the alkalis.
Such an effect can be applied to inhibit undesired element redistribution effects in fs-laser processing
applications in multicomponent glasses.

Keywords: fs-laser writing; waveguides; element redistribution; Soret effect; diffusion competi-
tion effects

1. Introduction

The modification of the local composition of glasses irradiated underneath the surface
with focused femtosecond laser beams has been studied for a long time [1,2]. This effect
has recently gained considerable attention [3] due to its successful use for the production of
several different high-performance photonic devices [4-6]. Femtosecond-induced element
redistribution (FLIER) can be considered as a universal phenomenon in multicomponent
glasses subjected to subsurface, high repetition rate, fs-laser excitation. This phenomenon
can be understood in terms of the thermo-diffusion processes (i.e., the Ludwig—Soret
effect [7]) associated with the chemical potential imbalance induced in the heated glass
volume. The glass compositional modification upon FLIER mimics the elemental thermal
diffusion occurring in basaltic liquids (silicates) in the Earth’s mantle, but on a much shorter
time scale (108 times faster) and over a well-defined micrometric volume [8]. The focal
volume shape, local thermal gradients and heating-cooling cycles thus strongly condition
the final result of the FLIER process [3,8]. Its effects can be particularly relevant when both
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relatively heavy (e.g., lanthanides) and light elements (e.g., alkali) are present in the glass
composition. In spite of this, FLIER effects have apparently been overlooked in the past,
in many occasions, in the discussion of the origin of the refractive index contrast [9,10] in
fs-laser-written waveguides [11].

Thermo-diffusion involves several parameters including thermal and stress gradients,
viscosity and its temperature dependence, multiple diffusion coefficients [3], etc. At the
end of the day, these parameters condition the local chemical potential of the different glass
constituents [12]. Indeed, the prediction of the sign and magnitude of the Soret coefficient
of a given component in a multicomponent mixture is still an open problem that requires
to consider microscopic parameters and numerical modeling [13]. Still, FLIER can certainly
be controlled in practice [14,15] and exploited for producing high-performance photonic
devices, as indicated above. Even more, one of the key features of FLIER-based fs-laser
writing for photonic applications arises from the potential of ad hoc glass compositional
design [4,16]. A given glass composition can be slightly modified by adding small amounts
of a modifier made of a relatively heavy ion-oxide (that will act as refractive index carrier)
and fast diffusing and lighter (typically alkali) ion-oxide modifier that counter-migrates the
index carrier. This gives rise to the formation of regions with increased refractive index and
light guiding capabilities. As a matter of fact, by using the electronic polarizabilities [17,18]
of the ions involved, it is possible to predict quite accurately the index contrast achievable
upon laser writing via FLIER [19]. This principle has been successfully applied to several
glass families including phosphates and borates where lanthanides have been used as
index carriers [4,5] and, more recently, to silicates [8] using Ba as index carrier.

Apparently, at least in the case of phosphate-based glasses, heavier ions belonging
to the same group (i.e., lanthanides (La, Er and Yb)) migrate in the same direction and
experience approximately the same amount of enrichment in the higher refractive index
region [5]. This apparently applies to the counter-migrating lighter ions (Na, K) too in the
low index zone. For the case of Ba, counter-migration of the lighter elements (Na and Si)
away from the refractive index increased region has been observed [4,8]. These observations
are consistent with what can be called “positive Soret effect” for the heavier constituents of
the glass and “negative” for the lighter counter-migrating species, a common observation
for thermo-diffusion in glasses or sols. However, not all of the glass constituents necessarily
move upon laser excitation. This depends on the material composition [13], the excitation
conditions and type of ions involved [20], the shape of the focal volume and the correlated
thermal gradients involved [8,21].

In the refractive index structures produced by FLIER, ion cross-diffusion occurs in a
hot and viscous high-temperature glass matrix. Therefore, one can expect the presence of
either cooperative or competition effects when different types of index carriers (belonging
to different groups) are present in the glass composition. However, to the best of our
knowledge, there are no studies regarding the simultaneous use of several types of index
carriers in the production of waveguides by fs-laser writing via FLIER. This aspect is a
very relevant for potential applications of fs-laser processing beyond the production of
waveguides. As below indicated, FLIER processes can be detrimental for certain properties
of multicomponent glasses and, therefore, a deeper knowledge of the migration behavior
of different types of ions upon fs-laser excitation is very desirable. In this work, we aim
at analyzing the presence of such cooperative or competition ion migration effects upon
FLIER in compositionally pre-designed glasses.

For such a purpose, phosphate glasses modified with the same amount of Na,O and
K5O, and different amounts of BaO and/or LayO3 were used to produce FLIER-based
waveguides. The general behavior and performance of the Ba-only and La-only modified
glasses is rather similar in terms of migration threshold, laser energy dependence of the
size of the modified index structures and index contrast. However, the samples modified
with both Ba and La oxides show a strong increase in the migration threshold, and a clear
reduction of the size and index contrast of the structures for comparable writing laser
energies. These features indicate that strong migration competition effects occur when
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index carriers of different types (valence) are introduced in the glass composition. This
competition effect can be exploited to inhibit undesired cross-thermo-diffusion effects
in fs-laser writing applications in multicomponent glasses where preserving the glass
composition may be a requirement. The preservation of the local composition of the
glass upon fs-laser irradiation is a key issue for instance in fs-laser-induced crystallization
processes for data storage applications [22], the congruent synthesis of non-linear crystals
inside precursor glasses by fs-laser writing [23,24] or the fabrication of hybrid micro- and
nano-structures in semiconductor-doped glasses by ultrafast lasers [25].

2. Materials and Methods

The phosphate-based glass samples were obtained through melting and quenching of
batches made by mixing (NHy),HPOy, Na,CO3 K,COg3, BaO, and LayO3 (Sigma-Aldrich
Spain, Madrid) reagent grade powders. The compositions of the produced samples are
shown in Table 1.

Table 1. Composition of the designed samples.

Alkali Oxide Refractive Index Glass Other
Modifiers Carrier Modifier Former Modifiers
Sample Oxides Composition in mol %
K20 NaZO BaO LE1203 ons A1203
Ba-glass 15 15 10 0 55 5
La-glass 15 15 0 10 60 0
Ba-La-glass 15 15 5 5 60 0

Three different sample compositions (namely Ba-, La- and Ba-La-glass) were produced.
In order to facilitate the alignment procedure during the characterization of the guiding
performance of the laser-written structures in the infrared (~1600 nm), all the samples
were doped with a very small amount of Er,O3, 0.25 wt.%, and Yb,O3, 0.5 wt.%, to use
the green color up-conversion emission of Er** when a weak pump laser at 976 nm is
coupled in the waveguide [4]. In the Ba-glass sample, a 5 mol% of Al,O3 was added to
the composition in order to improve its toughness and thus being comparable to the one
in the LayO3-containing samples. All glasses were formulated for them to have an O/P
ratio close to 3, which in phosphate glasses stands for metaphosphate compositions. The
batches were slowly calcined up to 400 °C overnight in alumina crucibles; then, melted
at 1000 °C (Ba and Ba-La glasses) or 1200 °C (La-glass) for 1 h. The melts were poured
onto brass plates and then crashed into small pieces and put into a graphite boat where
they were submitted to a homogenization and fining treatment following the procedure
applied for phosphate glasses in [26]. For this case, the glasses were remelted at 800 °C
(Ba and Ba-La glasses) and 900 °C (La-glass) for 9 h under a constant flow of Ny. The final
glass samples were completely dehydroxylated and homogenized without any bubbles
or stria and no weight loss was detected that could have originated from volatilization
losses. The glass transition temperature (Tg) of the samples was determined from thermal
expansion curves recorded in a Netzsch 402 EP dilatometer (Netzsch-Gerdtebau GmbH,
Selb, Germany) at a heating rate of 5 K-min~!. The T of the three glass samples ranged
between 510 °C and 550 °C. The observed differences in Ty are consistent with the relatively
small compositional differences among the samples.

The samples were then cut (typically in the shape of 10 x 20 x 6 mm? plates) and
polished to optical quality before optical characterization and fs-laser writing. Ellipsometric
spectra were measured at several spatial locations in each sample in order to achieve
statistically significant values in the near IR region (800-1700 nm). The acquired Y-spectra
were fitted using the Cauchy equation (1(A) = A + (B/A?)) for the refractive index n
as a function of the wavelength (A). This dispersion equation describes very well the
behavior of the refractive index of the samples in the studied spectral region, where they
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are transparent (absorption coefficient k = 0). Further details regarding the ellipsometry
measurement procedure can be found elsewhere [27].

Waveguide-writing via FLIER was performed using a high-repetition-rate, Yb-doped
fiber fs-laser (Satsuma HP? laser from Amplitude, Pessac, France). The laser generates laser
pulses of tunable duration (350 fs—10 ps) at 1030 nm. The laser has a repetition rate that can
be varied in the 1 kHz-2 MHz interval with energies up 10 puJ/pulse. In all the experiments
described, we used 350 fs-laser pulses at a repetition rate of 500 kHz. The writing beam
was slit-shaped (1.2 mm slit width) before being focused with a 0.68 Numerical Aperture
(NA) aspheric lens 100 um underneath the surface. Its polarization was circular in order
to minimize the propagation losses of the waveguides. During writing, the sample was
translated at a linear speed of 60 um/s in all cases. A detailed description of the laser
writing setup can be found elsewhere [15,28].

Processed samples were grinded and polished to bring the end facets of the laser-
written structures to the surface. Optical microscopy observation (in transmission) along
the guiding axis of the structures was performed with a Nikon Eclipse system.

After processing, the near field guided modes of the laser-written structures were
also imaged by coupling-in light at several different wavelengths in the 980 nm-1640 nm
interval with a SMF-28 single mode fiber and using a 50x objective and an infrared
camera (Goodrich SUI). The evaluation of the total losses of each structure was made by
measuring the output power of the waveguide at 1640 nm with a power meter (Ophir
PD300). Propagation losses were calculated as total minus coupling and Fresnel losses,
as described elsewhere [6]. The local elemental composition changes were quantified by
using Energy-dispersive X-ray Microanalysis (EDX) in a Scanning Electron Microscope
(SEM, Leica Cambridge Ltd., Cambridge, UK).

3. Results and Discussion
3.1. Optical Properties of the Pre-Designed Glass Samples and Index Change Estimates
upon FLIER

Table 2 shows the Cauchy coefficients of the refractive index of the samples obtained
from the fit of the ellipsometric parameter ¥ measured at three different spatial locations
in each sample. The error in the determination of the refractive index values (absolute) has
been estimated to be smaller than +5 x 1073 [27].

Table 2. Cauchy coefficients of the samples before laser processing and index values at 1590 nm.

Refractive Index

Sample Cauchy Coefficients (1590 nm)
A B
Ba-glass 1.114 0.0141 1.500
La-glass 1.133 0.0144 1515
Ba-La-glass 1.125 0.0133 1.510

The spectral dependence of the index (1) in the 800-1700 nm range has been plotted
in Figure 1a for the three glass samples. The measured refractive index values show a very
similar dispersion for the three glasses, but the absolute n values are distinctly different.
The glasses are essentially formed by the same constituents and proportions (~60 mol.%
P,05 (glass former) and 30 mol.% of Na,O and K,O (modifiers)). The larger electronic
polarizability of LayO3 compared to BaO provides a larger index to the La-glass over the
whole spectral interval, while the Ba-La-glass shows intermediate values also conditioned
by the substitution of 5 mol.% of P,Os by Al,O3. The electronic polarizabilities of the
constituents of the three glass samples are shown in Table 3.
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Figure 1. Spectral dependence of the refractive index of the glass samples measured by spectroscopic
ellipsometry (a). Index change as a function of the heavy-ion concentration estimated by the electronic
polarizability method (b).

Table 3. Polarizabilities of ions used for local index calculations in the samples upon FLIER.

Polarizability (A3) P,0s5 Na,O K,O BaO Lay O3 Al,O3
Kcation 0.021 0.175 0.841 1.595 1.048 0.054

aé’ 1.350 3.221 1.858 3.652 2.780 1.365

KTotal 6.792 3.571 3.540 5.247 10.436 4.203

By using the electronic polarizability method [14,15,29] and the determined refractive
index values for wavelengths much longer than the glass matrix resonances, it is possible
to accurately estimate the changes in the refractive index of the glass associated to small
changes in its local composition caused by FLIER [16]. This approach has been shown
to work particularly well in the case of phosphate-based glasses [19,30]. We have used
this approach, using the glass constituent’s polarizabilities shown in Table 3, to estimate
the index changes that take place when the local concentration of the index carrier oxide
increases [19]. For the calculation, it is assumed that the local concentration of the index
carrier oxide (BaO or La;O3) increases by the same amount as the concentration of the
fast-diffusing ion oxides (NayO and K,0) decreases (e.g., an increase of 2 mol.% of La,O3
is accompanied by a corresponding decrease of the Na,O and K,O concentrations of 1
mol.% each). For the two heavy ions considered, the Ba- and La-glass index increases
nearly linearly with the local concentration increase of the carrier oxide, due to the rel-
atively minor contribution of the counter-migration of K and Na, with a much smaller
polarizability. It is found that the Ba-La glass shows again an intermediate behavior. For a
local concentration increase of the index carrier of 20% (relative), index changes above or
close to 1072 are expected in the La- and La-Ba-glasses which for the Ba-glass are reduced
down to 3.6 x 1073.

3.2. Characterization and Performance of the Produced Structures
3.2.1. Morphology of the Laser Written Structures

Figure 2 shows several optical micrographs in transmission corresponding to the cross
section of the laser-written structures transverse to the sample movement axis (X) for three
representative values of the writing pulse energy. As indicated above, after processing, the
samples were polished to bring the end facets of the laser-written structures to the surface
and, therefore, the cross sections shown correspond to the buried waveguides produced
upon laser writing underneath the surface. A top view of the structures (not shown)
indicates that the structures (in the form of a continuous line) homogenously spread along
the sample movement axis.
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Figure 2. (Left panel) Transmission optical microscopy images of the cross section of structures
produced in Ba-, Ba-La-and La-samples at the indicated writing pulse energies. (Right plot) Mean
diameter of the structures produced in the three different composition samples as a function of the
writing pulse energy.

To facilitate their comparison, the images are shown at the same magnification. In all
cases, the structures show an elongated shape along the beam propagation axis due to the
combined effect of spherical aberration (SA) and non-linear propagation [21,31]. As a matter
of fact, the length of the structures along the beam propagation axis is nearly independent
of the sample composition for a given pulse energy. This behavior is related to the relatively
small compositional differences among the samples, generating relatively small differences
in their linear and non-linear refractive indices, that condition, respectively, the extent of SA
and non-linear self-focusing experienced by the laser beam. However, the size and shape of
the structures in the transverse dimension (perpendicular to both the laser propagation and
sample moving axis) show a strong difference between the samples incorporating a single
index carrier element (Ba- and La-glass) or two (Ba-La-glass). In the former case, a bright
contrasted region with increased refractive index is clearly visible for writing energies
above ~350 nJ/pulse. As confirmed by EDX measurements (see below), the high index
region is caused by the migration of Ba or La to the top of the structure while the region
underneath, depleted in the carrier element, shows a depressed index and shows a dark
contrast [4,8,15,27,28]. It is worth noting that Ba or La enrichment can also be observed (to
a much lesser extent) at the bottom of the structures produced at the higher energies. This
effect has previously been observed both in La- and Ba-modified glasses [4,8,19] and is
related, as discussed in Ref. [8], to the actual shape of the generated thermal gradient. The
plot in Figure 2 shows the mean diameter of the bright contrasted region at the top of the
structures as a function of the writing pulse energy. The mean diameter of the structures
was computed as the square root of the product of the dimensions of the bright region
along the laser propagation axis (Z) and transversally to it (Y) in the images shown in
Figure 2.

For the Ba- and La-glasses, above ~450 nJ, the size of the structure shows a sudden
and strong increase caused by an excessive heat accumulation [32] not compensated by
heat diffusion [15]. The earlier increase of the structure size in the La-glass as a function of
the laser energy seems thus related to its expectable lower thermal diffusivity compared
with that of the Ba-glass. In contrast, in the Ba-La glass the refractive index increased
region is observed only for the higher pulse energies studied (above 650 nJ). For lower
values, the laser modified zone adopts the appearance of a dark, non-linear self-focusing
filament. Such a difference in the material response is also illustrated quantitatively in
the plot of Figure 2. While for the Ba- and La- samples, the bright regions are observed
for energies as low as 350 n]J, its formation requires ~650 nJ in the Ba-La sample. At this
energy and above, its average diameter is ~3—4 um while the Ba- and La-samples show
an average size for the high index zone about four times bigger at a comparable energy.
Such morphological differences cannot be attributed to differences in the optical or thermal
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properties of the Ba-La-glass compared to those of the Ba- and La-glasses, since both optical
and thermal properties belong to the group of additive properties of glasses [33] and should
therefore show (as seen in the optical case, Figure 1) intermediate values with respect to
those observed in the glasses with a “single index carrier”.

The comparison of the morphology of the structures in the three glass compositions
analyzed strongly suggests that the laser energy threshold required for generating the
cross-migration of the index carrier ions and the alkali species is substantially higher in
the Ba-La-sample when compared to the case of the Ba- and La- samples, and that the
presence of two heavy index carriers of different valence seems to be hindering their
thermo-diffusion against alkali, due to a possible competition effect. In this respect, it is
worth noting that a somewhat similar effect of migration inhibition effect has been observed
before in the form of two different energy thresholds for inducing the cross-migration
of light or heavy ions against alkali in a phosphate glass modified with lanthanides,
potassium, silicon and aluminum oxides [20]. The general trend observed there, and later
on quantitatively confirmed in [5], was that all the lanthanides showed a similar migration
threshold and moved by the same extent and in the same direction. Above such a threshold,
the migration of the lighter non-alkali elements was apparently inhibited or minimized
below the EDX measurements resolution [20].

3.2.2. Guiding Performance of the Structures

The performance as optical waveguides of the compositional structures generated via
FLIER in the different glass samples was assessed for laser wavelengths in the 980 nm-1640 nm
interval. Figure 3 shows the near field image of the propagated modes at 1590 nm for
two representative laser pulse energies in the three glass samples. As anticipated from the
morphology data, the structures produced in the Ba-La-glass do not support any guided
modes for energies below 700 nJ. On the contrary, the structures produced in Ba- and
La-glasses show single mode propagation and a relatively small mode field diameter
(MFD) for energies between ~400 nJ up to approximately 600 n] where they start to show
multimodal propagation.

Ba

Ba-La

10 i\ {
84 i*
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Energy (nJ)

Figure 3. (Left panel) Near field images and (right plot) corresponding mode field diameters (MFD)
at 1590 nm for the single-mode structures produced in the different glass compositions.

The plot in Figure 3 shows the evolution of the MFD (for the single mode waveguides)
as a function of the laser pulse energy. The plot indicates that the waveguide formation
threshold is slightly smaller for the La-glass (350 nJ) while the MFD remains nearly constant
(~7 um) for pulse energies up to ~550 nJ. At this energy, the transmission of the waveguides
turns multimodal, generating a large uncertainty in the MFD estimation. For the Ba-glass,
at its waveguide formation threshold (400 nJ), the MFD (~10 pum) is substantially larger
than for the La-glass and decreases with the pulse energy down to values close to 7 um. As
for the La-glass, above a certain value (600 nJ), the structures behave as multimodal.

The differences observed as a function of laser pulse energy in the behavior of the
waveguides written in the Ba- and La-glasses are consistent with the expected differences in
their thermal diffusivity and in the polarizabilities of the index carriers involved. The lower
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diffusivity of the La-glass and the higher polarizability of La,O3 facilitates the formation
of a structure capable of supporting a single guide mode for energies slightly lower than
those required for the he Ba-glass. However, in the latter case, at the waveguide formation
threshold, the index increase in the guiding region is clearly smaller than in the La-glass
(larger MFD for the same structure size, Figure 2) due to the lower index change expected
upon Ba-enrichment. For the same amount of local enrichment of the index carrier (Ba or
La), the local index increase should be about three times larger for the La-glass. This can
be more clearly seen in Figure 4, where we have plotted the index contrast of the single
mode structures as a function of the writing pulse energy, as derived from the size of the
high index region and its mode field diameter for several wavelengths [19,34]. The figure
shows that, already at the waveguide formation threshold, an index contrast above 102
is induced in the La-glass. This parameter shows a nearly constant behavior in the single
mode region (350-550 nJ/pulse). According to the plot in Figure 2, for energies in this
interval, the index contrast observed is consistent with a local enrichment in La in the
guiding region around and above 20% relative to the initial material composition. This
might suggest that the transition to a multimodal behavior in the La-glass sample above
550 nJ might be rather conditioned by the size of the structure than by the index contrast
achieved, at least in the vicinity of the multimodal transition energy at ~550 nJ.
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Figure 4. Refractive index contrast at the guiding region estimated from the measured MFD of the
single mode waveguides produced in the three glass compositions indicated (Ba-, La- and Ba-La-glass)
(solid symbols). The open symbols correspond to the index contrast estimated using experimental
EDX local compositional measurements and the electronic polarizability method, as described in
the text.

The index contrast of the Ba-glass sample shows nevertheless an increasing behavior
with the laser pulse energy. Given the slower increase of the structure size with energy
in this case, and the clear diminution of the MFD with the same parameter, the observed
behavior suggests a progressive increase in the local content of Ba in the guiding region,
that can lead to index contrast values above 1072. By using the values in Figure 2, a local
Ba relative enrichment above 40% is foreseen.

Once again, the behavior of the laser-written structures in the Ba-La-glass strongly
differs and is not “in between” that observed for the Ba- and La-glass samples. Along
with a waveguide formation threshold about twice as big (750 nJ), the index contrast
achieved in the guiding region is much smaller, about a factor of two smaller than the one
in La-glass. This comparatively poor contrast would be consistent (see Figure 2) with a
local enrichment around 10% in the index carriers, much smaller than that observed in
the Ba- and La-samples at a much higher laser writing energy. This aspect points again
to the presence of strong migration competition effects that are even more evident in the
measured local compositional changes described below.
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Regarding the propagation losses, although the optimization of this parameter is
beyond the scope of this work, it must be emphasized that the propagation losses achieved
in the structures compare well with previous results of FLIER waveguides based on
phosphate- and silicate-based glasses for the Ba- and La-glass samples [4-6,8]. In the
La-glass sample, the losses in the single mode structures are typically in the 0.5-1.0 dB/cm
range, while, in the Ba-glass samples, they are somewhat higher, in the 0.7-1.3 dB/cm
interval. Much higher losses (2-3 dB/cm) are observed in the structures produced in the
Ba-La glass samples. This can be related to both the lower index contrast and much higher
writing energies, causing energy coupling fluctuations.

3.2.3. Local Compositional Changes and Migration Competition Effects

As indicated in Section 2, the local composition of the laser-induced structures was
measured in an SEM by means of EDX. Figure 5 shows several representative SEM images
and compositional maps of structures produced at the same energy in the three samples
(700 nJ). Since the images have been recorded on the cross sections of the structures normal
to the sample scan axis, they can be easily compared with those shown in Figure 2. For
all of them, the enrichment in the heavier elements in the guiding region is evidenced
by the increased Z-contrast (bright zones) in the backscattered electron SEM images. The
correspondence between optical and Z-contrast in FLIER-based optical waveguides has
been widely reported (see for instance [4,6,15]). The opposite contrast (dark contrasted
zones) is consistent with a local depletion of heavy elements, leading to depressed index
zone adjacent to the guiding region.

8a - sample 8ala - sample

Relative enrichment
Relative enrichment

\ —K
o4 04 \~ Na
\J —la

o 1 22 3% 4« s e 1 c 2z i s & 1 1 wu c 1o 2 % 4 s e 7w
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Figure 5. (Top row) SEM backscattered electron images and EDX compositional maps corresponding
to Ba, La, and K for structures produced at 700 nJ in the Ba-, La- and Ba-La-glass samples. (Bottom
row) Corresponding composition line scans along the dashed line shown in the SEM images.

This can be more clearly appreciated in the compositional maps included, correspond-
ing to the spatial distribution of La, Ba and K in each of the samples (for clarity, the spatial
distribution of Na is not included in the maps but is shown in the compositional cross
sections in the same figure). For the selected energy (700 nJ), the structures in the Ba- and
La-glass show very similar appearance including the similarities in the size and element
distribution maps (obviously replacing Ba by La in the corresponding sample). As above
indicated, both structures are multimode while for the Ba-La glass the structure shown,
just above the FLIER threshold (650 nJ in this sample) does not support a guided mode.

Several additional features are worth noting in the element distribution over the
FLIER region. The first one is that the relative enrichment in Ba and La, respectively, in
the guiding region of the Ba- and La-glass structures reaches a very similar value, close to
50%, slightly higher in the Ba-glass case. This implies that the guiding region reaches a
peak concentration in the index carrier oxide close to 15 mol% in the guiding region. Such
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an enrichment is accompanied by a more or less similar relative depletion in K and Na,
although the K depletion is always bigger than the Na one. The same applies to the longer
region depleted in Ba or La, located below the guiding zone, with a depletion around
20-30%, slightly higher in the Ba case. Interestingly, the extent of the region over which
compositional changes are observed is also in both glass samples somewhat longer for the
K than for the Na case.

The index contrast estimates derived from the structure size (see Figure 2) and MFD
measurements (see Figure 3) have been compared to the values derived from the local com-
position of the structures obtained by the EDX and the electronic polarizability approach,
as described in [19]. The index contrast was computed by using an averaged composition
over the index carrier enrichment region by integrating the compositional cross sections of
each individual element except oxygen (see Figure 5) and assuming oxide stoichiometry.
The so-calculated averaged composition was input in the electronic polarizabilities model
to compute the averaged local index for two energies (450 and 700 nJ). The obtained values
have been plotted in Figure 4. It can be seen that there is an excellent correlation between
the measured compositional changes and the experimentally determined index contrast
in the single mode region where An values close to 1.2 x 1072 are reached for both the
Ba- and La-glass samples. At energies above 600 nJ, the index contrast estimated from
compositional measurements decreases to values ~7.0 x 1073, something expectable from
the much bigger size of the structure over which the index carrier is redistributed, also
causing the observed multimodal behavior.

In contrast, in the Ba-La-glass sample the relative enrichment in Ba- and La- at the top
of the structure at 700 nJ is much smaller, around 15-20% (less than half of what is observed
in the Ba- and La-glass samples, compare the linescans shown in Figure 5). Since the initial
content of the sample in La;O3 and BaO is just 5 mol%, the peak concentration of index
carrier oxides barely reaches 12 mol%, much lower than in the Ba- or La-glass samples at
the same energy. The same applies to the Na and K depletion, that is lower than 20% in
average. It is also worth noting that the amount of enrichment and depletion in the Ba- and
La- content is similar in the two regions of the structure (bright and dark-contrasted in the
SEM image), generating a nearly symmetric compositional structure along the laser beam
propagation axis. Indeed, the overall length of the compositionally modified FLIER region
in the Ba-La glass (~10 um) is much smaller than the one in the Ba- and La-glass samples at
the same energy (~60 pm). Notice that the length of the laser-affected zone along the laser
beam propagation axis is very similar for the three glass compositions, at the same laser
pulse energy, as shown in Figure 2, and longer than the extension of the FLIER region. The
index contrast estimate based on EDX compositional measurements at 700 nJ leads to a
value around 5 x 10~3 which is consistent with the fact that the structure, less than ~4 pm
in diameter, does not support a guided mode in the near IR.

All these features of the structures produced in the Ba-La-glass, compared to the
behavior of the Ba- and La-glass samples, show that the cross-migration of Ba and La against
alkalis is hindered by the simultaneous presence of the two index carriers. Whatever the
origin of this behavior is, the presence of both (Ba and La) oxide modifiers clearly inhibits
their cross-migration against the alkalis over a very broad interval of laser pulse energies
(more than 700 nJ) while, above the cross-migration threshold, it reduces the extent of the
migration process both in magnitude (smaller compositional changes) and spatial spread
(shorter compositionally modified regions).

This kind of blocking effect somewhat resembles the so-called mixed alkali effect
(MAE) in glasses [35-37], although in a very different situation. Please note that in what
follows in the comparison with the MAE, we refer not to the presence of Na,O and KO as
fast diffusing modifiers in the glass compositions. In this case, we refer to the concurrent
effect associated with the presence of both index carriers (Ba and La) that hinders their
cross-thermo-diffusion against the alkalis in the FLIER process.

In general, the MAE refers to several phenomena peculiar to mixed-cation glasses,
including the huge rise in electrical resistivity occurring on mixing of two mobile ions [35].
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Indeed, although the MAE, evidenced as a non-additivity of many glass properties, was
initially observed as a thermomechanical effect, it has been more thoroughly described
in terms of the decrease of several orders of magnitude in the electrical conductivity
and ionic diffusivity when one alkali oxide is gradually replaced by another in a series of
glasses [36,37]. Such a decrease is accompanied by a strong increase of the activation energy
of the ionic conductivity [35]. It is also worth noting that the MAE has been observed in
a wide variety of glass families, including silicate, borate and phosphate-based glasses,
something that can be related to the fact that alkalis are usually considered to simply fill
the interstitial space between structural rigid polyhedra and convert bridging oxygens to
nonbridging oxygens [37].

The origin of the MAE has been correlated with the interaction between the alkali
cations via structural defects such as non-bridging oxygens [38], “memory effects” [39,40]
or, more recently, to topological effects caused by the network strain associated to different
cation radii [37]. An important common feature of these “memory” or topological effects
is that alkali ions have individualized sites that relax to suit their inhabitants below Tg.
According to the thorough literature summary given in [37], “when the alkali leaves the
site, the site retains “memory” of that ion, making it difficult for ions of the other type
to hop into it”. The recent use of detailed molecular dynamics (MD) simulations and
comparison to MAE experiments enables to confirm that interstices containing mismatched
alkali species relax toward different ultimate structures and the competition between these
interstices results in stress on the network [38].

When comparing our results regarding the cross-migration of Ba and La ions against
alkali by thermo-diffusion in the Ba-, La-, and Ba-La-glass samples, there are two features
that strongly resemble the MAE. The first is the existence of an energy threshold for the
cross-diffusion of species in the FLIER process that resembles the existence of an activation
energy for the ionic conductivity in fast ionic conductors [41], directly related to the
diffusion of cations in the presence of a DC electric field. The second is the strong increase
in the cross thermo-diffusion threshold in terms of laser pulse energy when both Ba- and
La- oxides are present in the composition, as similarly observed with the ionic diffusion
activation energy in the MAE. The atomic number, mass, valence, and ionic radii of the
ions involved in the FLIER process are shown in Table 4.

Table 4. Atomic number, mass valence and ionic radius (crystalline and effective, assuming a
coordination number of six [36]) of the cations involved in the FLIER process.

Element Na K Ba La
Atomic number 11 19 56 57
Mass (a.m.u.) 22.99 39.10 137.3 138.9
Valence +1 +1 +2 +3
Cation radius
(pm)
Crystalline 116 (102) 152 (138) 140 (135) 117.2 (103.2)
(Effective)

The table shows that, in spite of their very close atomic number and mass, there is a
relatively large difference between the cationic effective radii of Ba*? and La*? (~20%). We
might speculate that, even at high temperature, for a low-viscosity glass material that is
generated upon high repetition (500 kHz) pulsed laser irradiation, there is still a “memory
effect” associated with the type of ion that occupied a given site in the glass. In such a case,
we may think of a “memory effect” like the one described in the frame of the dynamic
structure model [39,40] or like the one associated with the network strain model [37].
Whatsoever the origin of the “memory effect” is, this would imply that pathways for ion
thermo-diffusion are limited to sites of that ion type, and are dependent on relaxation
of those sites in order to form new diffusion pathways. The presence of a cation in an
unlike site would be increasingly less likely to form with an increasing size ratio [37]. The
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consequence would be that in the Ba-La glass sample, the sites left by the jump of a given
heavy cation would most probably be used by an index carrier of the same type, hindering
the overall cross-migration process.

However, when several lanthanides are present in the composition of a phosphate-
based glass, they experience similar levels of thermo-diffusion in the same direction, as
experimentally shown in references [5,20] for La, Er and Yb with the same valence (+3),
and ionic radii differing around 10%. Therefore, despite the cation size may play a certain
role in limiting the simultaneous diffusion of index carrier elements, it seems that it would
not be sufficient by itself to account for the high differences here observed between the Ba-
or La-glass samples and the Ba-La-glass. Additionally, it must be considered that the MAE
is strongly reduced when the temperature of the glass increases, as it has been observed for
the thermal conductivity or the viscosity of phosphate and aluminosilicate glasses [42—44],
which makes it difficult to justify the existence of a similar effect in a very high temperature
melt, such as the one induced upon fs-laser irradiation.

Besides the size (ionic radius) of the element, there is an additional factor that may
turn out decisive and that has not been considered before, which is the valence of the index
carrier elements. When having single valence index carrier elements, e.g., lanthanides as
indicated above, their cross-diffusion with the alkalis takes place all at once without mutual
interference, even for those with relatively dissimilar size. At the temperatures involved
in the process, the relaxation of the network will be sufficiently fast so that cations with
different size but equal valence migrate without constraints. However, the cross-migration
of index carrier cations would also be regulated through the electrostatic interaction with
the electronic density of the oxygens that belong to the PO, network building units. Same
valence elements can cross-diffuse with alkalis in order to easily keep the charge neutrality.
This makes that Ba?* ions only migrate through positions of nearby Ba?* and that La%* do
so via La®>* positions to not produce local decompensated charges, resulting in a largely
reduced cross-migration. Similarly, to the mixed modifier effect that accounts for non-linear
property changes in the presence of different size cations, it is proposed that here applies
what could be called a “mixed valence effect” and that would be worth validating in other
glass composition systems. Whatsoever the origin of the migration competition effects
is, they could potentially be used to inhibit thermo-migration effects in fs-laser writing
applications where the preservation of the composition of the glass can be needed as a
requirement [13,20,22-25].

4. Conclusions

We have analyzed the formation of refractive index micro-structures by FLIER in
ad hoc compositionally designed phosphate glasses. The glasses were modified by the
addition of small amounts of Na,O and K,O and heavier ion (Ba and La) oxides. The latter
ions act as index carriers. As a consequence of the laser excitation, cross-thermo-diffusion
of the alkalis and index carrier cations occurs in the excited volume. Regions enriched
in BaO and La;O3 and depleted in N,O and K,O are formed in the laser-excited volume.
These regions show an increased refractive index sufficient to support guided modes in the
near IR. The glass samples modified with a single index carrier ion oxide (either Ba- or La-
oxide) show a relatively low waveguide writing threshold (350-400 n]) and a light guiding
performance comparable to each other. In both cases, index contrast values above 1072,
and low propagation losses are achieved. In contrast, when both types of index carriers
(Ba and La cations) are present in the glass composition, a much higher element migration
threshold is observed, and the size of the compositionally modified regions is substantially
smaller. Indeed, the cross-thermo-diffusion of Ba and La against Na and K is inhibited for
laser pulse energies below 750 n]. The morphological, optical and compositional analysis
of the produced structures is consistent with a competition effect in the thermo-diffusion
of Ba?* and La®* cations that strongly resembles the mixed alkali effect (MAE). Such a
diffusion competition effect, apparently related to different valence of the index carrier
ions involved, provides a feasible compositional strategy to suppress FLIER effects. This
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compositional design approach can be crucial to enable the use of fs-laser processing in
multicomponent glasses where the preservation of the local composition of the glass is a
necessary requirement to preserve some specific properties of the glass.
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Abstract: Superficial amorphization and re-crystallization of silicon in <111> and <100> orientation
after irradiation by femtosecond laser pulses (790 nm, 30 fs) are studied using optical imaging
and transmission electron microscopy. Spectroscopic imaging ellipsometry (SIE) allows fast data
acquisition at multiple wavelengths and provides experimental data for calculating nanometric
amorphous layer thickness profiles with micrometric lateral resolution based on a thin-film layer
model. For a radially Gaussian laser beam and at moderate peak fluences above the melting and below
the ablation thresholds, laterally parabolic amorphous layer profiles with maximum thicknesses of
several tens of nanometers were quantitatively attained. The accuracy of the calculations is verified
experimentally by high-resolution transmission electron microscopy (HRTEM) and energy dispersive
X-ray spectroscopy (STEM-EDX). Along with topographic information obtained by atomic force
microscopy (AFM), a comprehensive picture of the superficial re-solidification of silicon after local
melting by femtosecond laser pulses is drawn.

Keywords: femtosecond laser; silicon; amorphization; crystallization; spectroscopic imaging ellip-
sometry; transmission electron microscopy; atomic force microscopy

1. Introduction

Through the rapid recent developments in laser technology in combination with
advanced optical beam management strategies, laser processing has nowadays entered
many industrial production processes [1,2]. In most cases, the processing relies on the laser-
induced removal of material, i.e., on laser ablation [3]—a process that exhibits a sharply
defined threshold of the fluence (areal energy density) of the incident laser radiation.
However, below the ablation threshold fluence, other material specific phenomena may
occur that also exhibit a distinct threshold fluence, e.g., structural or chemical changes
triggered by effects such as melting [3], oxidation [4], re-crystallization [5,6], etc. Some of
these non-ablative phenomena are widely explored and already used in applications, e.g.,
in optical data storage [7-10].

Given its technological relevance, silicon is the material that is studied best with regard
to the interaction with intense laser radiation. Experimentally, it can be manufactured in
a well-controlled manner and theoretically it is already well understood [11]. Observed

Materials 2021, 14, 1651. https:/ /doi.org/10.3390/ma14071651 241

https:/ /www.mdpi.com/journal/materials



Materials 2021, 14, 1651

effects are usually interpreted as laser-induced phase transitions and have very actively
been investigated over the last five decades while exploring the possibility of removing
defects from crystalline semiconductor surfaces through laser irradiation (a process referred
to as laser annealing) [3,12-14].

Studying interactions of intense ultrashort (fs-ps) laser pulses with semiconductors
gave rise to exploring the intriguing effect of non-thermal melting, where a strong optical
excitation of the electronic system of the solid may lead to a destabilization of the bonding
lattice structure on an ultrafast (sub-ps) timescale [15-24]. For silicon, this effect typically
manifests at conduction band carrier densities >10?2 cm~2 (corresponding to ~10% of the
total valence band population) [16,25] at laser fluences exceeding the ablation threshold [26].
In contrast, at lower degrees of optical excitation, thermal melting relies on the process
of electron—phonon scattering and, thus, occurs on longer timescales of picoseconds after
the impact of the laser pulse. Laser-induced thermal melting of bulk semiconductors
usually manifests via heterogeneous nucleation as an interfacial melt-in, followed by
interfacial re-solidification processes [27-29], while locally converting (releasing) the latent
heat of fusion. Driven by the gradual increase of undercooling of the superficial melt
pool via heat conduction into the bulk material, the velocity of the solid/liquid interface
may accelerate toward the end of the re-solidification process [27]. Depending on the
velocity of the re-solidification front, the quenched material can re-solidify either epitaxially
as a single-crystal, or it can turn into a less ordered poly-crystalline or even into an
amorphous state since the atoms have not enough time to form an ordered lattice [14].
For semiconductors, the critical interfacial velocity (vuit) for solidification as amorphous
material typically lies between a few m/s and some tens of m/s, and crucially depends
on the interfacial lattice orientation of the crystalline substrate [14,30] and the type of the
semiconductor [14,23,31-34]. Note that the energy deposition depth of ultrashort laser
pulse irradiation may significantly differ for semiconductors and metals and will lead to
different outcomes regarding local melting and solidification. Therefore, kinetic aspects are
linked to the specific laser irradiation conditions. Here, the reader is referred to pertinent
literature, including thermodynamic and atomistic numerical studies [27,29,32,34-36].

Upon irradiation of semiconductors with ultrashort (fs-ps) laser pulses, amorphous
surface layers with a thickness of some tens of nanometers were reported, as determined by
analytical techniques such as transmission electron microscopy (TEM), electron backscat-
ter diffraction (EBSD) analyses, micro-Raman spectroscopy (u-RS), confocal scanning
laser microscopy (CSLM), real-time reflectivity measurements (RTR), and fs-time-resolved
microscopy (fs-TRM) [33,34,36-47]. The specific interest of such a contact-less surface mod-
ification technology is based on the remarkably different structural, electrical and optical
properties of the amorphous and the crystalline silicon phases that enable applications in
electronics and photonics and manifest through alterations of the local chemical etching
rate, electric conductivity, or the high refractive indices at telecom wavelengths [48,49].

In a previous publication [42], a non-destructive all-optical method to reconstruct the
radial depth profile of the amorphous layer was proposed that is inferred upon single-
pulse irradiation of single-crystalline <111> silicon with a spatially Gaussian fs-laser beam.
It relies on CSLM measurements of the surface reflectivity across a laser-amorphized
spot along with a thin-film optical model considering all Fresnel reflections of a system
consisting of an amorphous silicon layer (a-Si) of varying thickness, covered by a native
oxide (~3 nm) and sitting on a substrate of single-crystalline silicon (c-5i) [40,42]. A laterally
parabolic a-Si layer thickness distribution with a maximum vertical extent of ~60 nm was
retrieved from the reflectivity measurements for a surface spot amorphized by a single
130 fs Ti:Sapphire laser pulse at a peak fluence of ¢g = 0.42 J/cm?. A direct measurement
of the amorphous layer thickness by chemical etching was proposed but could not be
performed at that time.

In this work, we extend the previous study [42] by employing spectroscopic imag-
ing ellipsometry (SIE) for a fast non-destructive quantitative determination of the lateral
thickness gradient of the superficial amorphous layer induced by single spatially Gaussian-
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shaped 30 fs laser pulses of varying energies (peak fluences) on two different silicon wafers
with varying crystal lattice orientation. Taking advantage of the spectroscopic ellipso-
metric approach along with the well-known radial beam profile, a model of the fluence
dependence of the laser-induced amorphization is determined with unprecedented preci-
sion and experimentally verified by cross-sectional high-resolution transmission electron
microscopy (HRTEM) and energy dispersive X-ray spectroscopy (STEM-EDX).

2. Materials and Methods

Two single-crystalline silicon (c-Si) wafers with different orientation (Werk fiir Fernse-
helektronik, Berlin, Germany) were chosen as target materials, specifically Czochralsky-
grown n-type Si<111> (electrical resistivity 1.3 x 1072-1.9 x 102 Q.cm) and p-type Si<100>
(electrical resistivity 1.2 x 1071-2 x 10~ Q.cm) wafers, both with a thickness of ~0.4 mm
and a diameter of two inches. On the polished silicon samples, typically a native oxide
layer of about 1 nm to 3 nm thickness is present due to the exposure to ambient air.

The silicon wafers were irradiated at ambient conditions by near-infrared fs-laser
pulses generated by a commercial Ti:Sapphire multi-pass amplifier system (Compact
Pro, Femtolasers, Vienna, Austria). The laser system emitted linearly polarized laser
pulses of 1~30 fs duration at a center wavelength of A~790 nm. The laser pulse energy
was measured by a pyroelectric detector. The wafers were mounted on a motorized x-
y-z-translation stage and positioned perpendicular to the direction of the laser beam (z).
The fs-laser beam was focused by a spherical dielectric mirror (focal length f = 500 mm)
to the front side of the samples, resulting in a Gaussian (1/e?) radial spot diameter of
2wy = 112.6 pm, as determined by the method of Liu [50]. By means of a half-wave plate in
front of the compressor unit of the laser amplifier, the laser pulse energy E,, of the focused
laser beam was varied between 10 pJ and 40 pJ, corresponding to incident peak fluences
$o=2Ep/ (rwg?) in front of the samples between 0.20 ]/ cm? and 0.80 J/cm?. For a given
laser pulse energy, the radial fluence profile ¢(r) incident to a surface spot can then be
calculated via oF )

_ hp o 2ay)
p(r) = nw%e 0 (€

As an example, such a radial Gaussian fluence profile is quantitatively visualized as a
red curve in the lower part of Figure 1 for a laser pulse of E, = 12 yJ, resulting in a peak
fluence value of (¢pg =0.24]/ cm?).

During laser processing, the sample translation stages were simultaneously moved
at constant speeds in both the x- and the y-directions, while continuously irradiating the
wafers at 1 kHz pulse repetition rate. In this way, for each selected laser pulse energy
(peak fluence) a set of several almost identical laser irradiation spots were generated,
laterally separated at the sample surfaces, and were available for further post-irradiation
characterizations.

The irradiated wafer surface regions were inspected by an optical microscope in
brightfield imaging mode (Eclipse L200, Nikon, Tokyo, Japan) using a white light halogen
lamp for illumination along with a 10x microscope objective.

Surface topographies of all laser-irradiated spots were acquired by atomic force mi-
croscopy (AFM, Dimension 3100, Digital Instruments, Santa Barbara, CA, USA) in tapping
mode using silicon cantilever probes with a nominal tip radius of 10 nm under ambi-
ent laboratory conditions. The corresponding images of 100 x 100 um? size contain 512
data points in x-, and 256 lines in y-direction, with a nominal resolution in z of 70 pm
(4.6 um /16 bit in the full z-scale range). The data are displayed as two-dimensional color
maps of the surface topography, using a common color scale for encoding topographic
height (z-) variations ranging between —30 nm and +60 nm, with the original surface plane
located at z = 0.
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Figure 1. Top-view SEM image of an amorphous (a-Si) spot created by a single fs-laser pulse [A~790 nm,
t=30fs, Ep =12 uJ/¢g = 0.24 J/cm?] on the surface of a Si<111> wafer. Its diameter of 59.69 um is indicated as an ad-
ditional marking in white. The plot in the lower part visualizes the corresponding radially Gaussian laser beam profile
through the center of the laser beam along with the peak fluence (¢¢) and amorphization threshold fluence (¢am). The
rectangular green box indicates the region of the post-irradiation deposition of a Pt-layer prior to the focused ion beam
(FIB) preparation process. The horizontal white line within that box marks the orientation of the FIB lamella, while the
red square indicates the position of transmission electron microscopy (TEM)/scanning transmission electron microscopy
(STEM) imaging.

Further optical characterization of all laser-irradiated spots on Si<100> and Si<111>
was performed using a Nanofilm_EP3 imaging ellipsometer (Accurion GmbH, Géttingen,
Germany) equipped with a Nikon 10x achromatic long working-distance microscope
objective (NA 0.21), operated at an angle of incidence (AQOI) of 45° with a continuous wave
(cw) diode laser emitting at 637 nm wavelength as illumination source. The measurement
applied a polarizer—analyzer nulling scheme and directly yielded two-dimensional micro-
graphs of the ellipsometric quantities ¥ and A (called Y-A-maps hereafter). By definition,
the value of tan(¥) denotes the amplitude ratio of the complex reflection coefficients for
p- and s-polarized light waves. A equals the sample-induced phase-shift between p- and
s-polarized waves and is very sensitive to variations of the (optical) layer thickness of thin
surface layers.

For quantification of the lateral amorphous layer profiles of selected fs-laser-irradiated
spots in the form of thickness maps, a Nanofilm_EP4 spectroscopic imaging ellipsometer
(Accurion GmbH, Gottingen, Germany) was applied to acquire hyperspectral ¥-A-maps
(wavelength of illumination ranging from 370 to 950 nm in 10 nm steps) using a laser-
stabilized Xenon broadband light source and a grating monochromator for the sample
illumination (bandwidths 4.6 nm to 5.2 nm). The measurements were performed using the
instrument’s rotating compensator mode in combination with achromatic long working-
distance microscope objectives (Nikon 20 x NA 0.35 and Nikon 10x NA 0.21) at AOIs of 45°
(20x) and 55° (10x) for the Si<100> and Si<111> samples, respectively. The corresponding
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field of view (FOV) sizes were approximately 500 x 500 pm? (10x) and 250 x 250 um? (20x)
with effective image pixel sizes of 0.586 x 0.586 pm? and 0.362 x 0.362 um?, respectively. At
the given conditions, the imaging resolution is better than 2 pm. Details on the ellipsometry
instrumentation, the setup and the modes of operation may be found elsewhere [51-54].

Top-view scanning electron microscopy (SEM) allowed to locate the laser-irradiated
spots at the surface due to the altered morphology or electrical conductivity of the smooth
superficially amorphized material. Cross-sections perpendicular to the surface were charac-
terized by HRTEM and STEM-EDX combined with an energy dispersive X-ray spectroscopy
system at a spot on the Si<111> wafer irradiated at Ep, = 12 pJ (po = 0.24 ]/ cm?). Surface-
preserving sample preparation for TEM was carried out using focused ion beam (FIB)
milling and an in-situ lift-out technique [55]. The preparation of the TEM lamella started
by the deposition of a protective Pt capping layer at the region of interest (ROI). Figure 1
shows a schematic of a top-view scanning electron microscopy (SEM) image of the selected
laser-amorphized spot along with the off-centered ROI marked by a green hatched box.
The lamella was investigated using a NEOARM 200F (JEOL, Freising, Germany) analytical
transmission electron microscope operating at 200 kV electron acceleration voltage. The
device was equipped with a cold field emission gun, 4k x 4k CCD-camera (OneView,
Gatan Inc., Pleasanton, CA, USA) and a windowless double solid-state detector with a total
detector area of 200 mm? (Centurio, JEOL, Freising, Germany) for EDX. The orientation of
the lamella and the location for high-resolution imaging are additionally indicated by the
horizontal white line and the red square symbol in the green box in Figure 1.

3. Results

Figure 2 shows a compilation of images of a series of nine laser-irradiated spots at
the Si<111> wafer generated by single fs-laser pulses of different laser pulse energies/peak
fluences (as indicated at the top). The upper image row provides optical micrographs, the
second row the corresponding atomic force micrographs. The two lower rows display maps of
the ellipsometric quantities ¥ and A obtained from imaging ellipsometry (IE, Nanofilm_EP3,
Accurion GmbH, Géttingen, Germany) for the visualization of changes of the polarization state
of the probing 637 nm radiation through the laser-induced surface modifications. For the most
sensitive visualization of laser-induced alterations, the ellipsometry maps are displayed in a
multi-color scheme with individually optimized color ranges. Several characteristic annular
structures can be recognized in the series of laser-irradiated surface spots displayed in Figure
2. In a previous work [40] employing single Ti:Sapphire fs-laser pulses (800 nm, 130 fs) these
annuli were already associated with physical processes of laser-induced melting of silicon with
subsequent amorphization (outermost modification; line set #1), the local destruction of the
native oxide layer (line set #2), ablation of silicon (line set #3), and the onset of (poly-crystalline)
re-crystallization in the center of the spot exposed to the highest laser pulse energies (line set
#4). The latter can be explained as follows: the interfacial velocities and lifetimes of the melt
pool are strongly affected by the temperature gradients and the amount of latent heat stored
in the liquid layer of transiently varying thickness (with a maximum extent initially imposed
by the peak laser fluence). The release of latent heat of crystallization (enthalpy of fusion) can
retard the re-solidification, particularly in the central region of the irradiated spot, where the
lifetime of the melt layer is the longest. Hence, at large laser pulse energies (peak fluences),
re-crystallization is possible [5]. For a scheme visualizing the different processes, the reader is
referred to the graphical abstract of this article. The origin of the modification of line set #5 in
an intermediate range of local fluences is not fully clear yet; supposedly, it is associated with a
local non-ablative modification of the native oxide layer, e.g., via melting and effects of further
oxidation. The assignments of the origin of the features associated with the line sets #2 and #5 to
the native oxide layer are supported by some thermodynamic arguments, i.e., that silicon melts
at a lower temperature than amorphous silicon dioxide (T'm(c-Si)~1685 K < Ty (a-5107)~1983
K, [56]), while the evaporation temperature [Tey(a-5i0,)~2503 K] of amorphous silicon dioxide
lies between the melting temperature and the evaporation temperature Ty (c-Si)~3510 K of
crystalline silicon [3].
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The laser pulse energy/peak fluence dependence of the diameters of the distinct features
marked by the different line sets was analyzed in detail by means of the method proposed by
Liu [50], providing characteristic single-pulse threshold fluences of ¢am(Si<111>) = 0.13 J/cm?
for melting with subsequent amorphization (from line set #1), pannu(Si<111>) =0.26J/ cm?
for the destruction of the native oxide layer (from line set #2), ¢,,(Si<111>) = 0.39 ]/ cm?
for ablation (from line set #3). Additionally, a value of ¢ (Si<111>) = 0.68 J/ cm? was
estimated from the diameter of the re-crystallization feature of the laser spot irradiated at
40 uJ (¢o = 0.80 J/cm?) along with its known radial fluence profile (Equation (1)). These
threshold values of melting and ablation are somewhat smaller than the values previously
reported in [40] since a 4 to 5 times shorter pulse duration is employed here. For the
amorphization threshold fluence, this is well supported by the theoretical work of Ramer
et al. [57] providing a melting threshold of 0.125 J/cm? for silicon irradiated by single
50 fs laser pulses at 800 nm wavelength. In contrast, the threshold of re-crystallization is
particularly increased since the Gaussian beam diameter is larger by a factor of ~2 here,
resulting in a larger melt pool that increases the total amount of latent heat stored and
released during the re-crystallization.

The most striking observation in the OM images is a significant increase of the surface
reflectivity within the laser-modified spots on Si<111> (line set #1 in Figure 2). Previous
micro-Raman spectroscopy results already revealed the presence of amorphous material
in these regions [40]. The significant changes of the refractive index (1) and the extinction
coefficient (k) of amorphous silicon can then explain the increase of the surface reflectiv-
ity. The color changes within the amorphous regions point toward interference effects
through a wavelength dependence of the optical constants (1, k) along with a laterally
varying thickness of the superficial semi-transparent amorphous layer upon the white
light illumination employed in brightfield optical microscopy. As expected, in regions
outside of the destruction of the native oxide layer (line set #2) no surface topographic
changes were observed by AFM (see the spots irradiated at Ep =10 pJ (¢o = 0.20]/ cm?) and
Ep =12 ] (o = 0.24]/cm?)). The effect manifests for all pulse energies larger than Ep = 15
W (¢o=0.30]/ cm?) as a very shallow and fine annular rim (height ~15 nm =+ 5 nm, width
<2 um) in the AFM images that was not resolved by OM here. Inside those regions, a small
increase of the surface roughness can be observed in the AFM images, resulting from resid-
uals of the laser-induced decomposition of the native oxide layer. For laser pulse energies
exceeding Ep =20 pJ (¢ =0.40]/ cm?), additionally the ablative removal of silicon from
the surface can be seen (bordered by line set #3), resulting in some few tens of nanometers
deep ablation craters along with a further increased surface roughness. Interestingly, at
laser pulse energies above Ep = 25 uJ (¢ = 0.50 J/ cm?) a characteristic protrusion even
exceeding the original surface plane by heights of up to ~60 nm manifests in the center of
the ablation craters. For the highest laser pulse energies, this central hillock becomes visible
as dark spot in the center of the optical micrographs. Supposedly, this central protrusion
is caused by radial transport of molten silicon toward the center of the spots caused by
the volume expansion of liquid silicon by up to ~9% during the re-solidification [40,58].
Note that at room temperature the mass density/specific volume of amorphous silicon
is ~1.8% smaller/larger than that of single-crystalline silicon [59]. In such a scenario, the
laser-induced melt pool solidifies from its bottom toward the surface and simultaneously
from its outer border toward the center of the irradiated spot. The material expansion of
silicon upon re-solidification then “squeezes” the still molten silicon to the center, where the
solidification process finally terminates. Here, surface oxidation effects may be strongest
and additionally affect the surface reflectivity. Melt flow caused by the thermocapillary
(Marangoni) effect can be ruled out here as, for a spatially Gaussian laser beam, it would
result in a radially outward directed displacement of the silicon [60,61].

The ellipsometric maps of ¥ and A visualize most of the mentioned annular features
and are able to expose even the subtle surface features detected by AFM that are not
resolved in OM here. Both ellipsometric quantities are very sensitive to changes of the
optical properties of the silicon material, manifesting either via structural material changes
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such as amorphization or due to thickness variations of the surface layers. Even the regions
associated with the destruction of the native oxide layer (bordered by line set #2) can
be distinguished as a step-like local jump in ¥ for laser pulse energies between 15 pJ
(¢0=030]/ cm?) and 18 yJ (¢0=0.36]/ cm?), before stronger changes caused by ablation
and re-solidification dominate the ellipsometry maps.

Figure 3 displays an analogous collage of identical experimental data for the single
fs-laser pulse irradiation of the Si<100> wafer material. The most striking differences to the
data previously shown in Figure 2 are the somewhat smaller diameters of the laser-modified
spots and, for E,, > 15 pJ (¢po > 0.30]/ cm?), the occurrence of a central disc-shaped area
having the same optical properties as the non-irradiated wafer material in the surrounding
of the spots (see the OM and ellipsometric images). This central disc is associated with
the process of re-solidification that can occur either in a single- or in a poly-crystalline
state [40,47]. It has a reduced threshold value of ¢ (Si<100>) =0.25]/ cm? here for the
Si<100> compared to Si<111>, fully in line with the results reported by Cullis et al. [14] for
the ns-laser irradiation and by Merkle et al. [38] for the ps-laser irradiation of silicon wafers
with different interfacial crystal orientations; depending on the orientation of the crystalline
lattice, values of v(Si<111>) ~11 m/s and v(Si<100>) ~15 m/s were determined for the
critical interfacial velocity upon ns-laser irradiation [14]. Bucksbaum et al. [32] reported for
UV ps-laser irradiation a saturation value of the interfacial velocity of ~25 m/s being widely
independent of the peak laser fluences. For pulse energies of Ep = 15 uJ (¢ = 0.30 J/cm?)
and Ep =18 pJ (¢o =0.60]/ cm?) the AFM images indicate the local decomposition of the
native silicon oxide layer in the center of the irradiated spots, resulting in an increased
surface roughness that manifests also as a slightly elevated (averaged) surface topography.
Since OM and SIE mainly image the electronic configuration of the inspected material and
both do not have the necessary spatial resolution, these nanometric topography changes
are not visible in the corresponding OM and SIE micrographs here. At laser pulse energies
exceeding Ep =20 yuJ (g = 0.40]/ cm?) the ablation of silicon becomes visible as a fine rim
bordering the ablation craters in the OM, AFM, and ellipsometry micrographs of Figure 3.

3.1. Layer Thickness Analysis by Spectroscopic Imaging Ellipsometry (SIE)

For a quantification of the thickness of the amorphous layer profiles, additional multi-
wavelength measurements were performed by SIE (Nanofilm_EP4). In order to avoid the com-
plexity imposed by melt displacement, ablation, or the laser-induced modification/destruction
of the native oxide layer, this set of SIE measurements was restricted to surface spots on both
silicon wafer materials generated at the lowest two laser pulse energies (peak fluences) of E;,
=10 W (po =020]/ cm?) and 12 uJ (po=0247]/ am?), respectively. These laser irradiation
conditions cause laser-induced amorphization on both samples. Each pixel of the acquired
hyperspectral ¥-A maps contains an ellipsometric spectrum, i.e., the measured values of ¥
and A for 59 different wavelengths of the probing beam, equidistantly spaced in the range from
370 to 950 nm. Pixel by pixel, each of these spectra was then fitted by a computational thin-film
multi-layer model using the 2 x 2 transfer matrix calculus for stratified isotropic media (see,
for example, [62]) and a least-squares non-linear regression algorithm (Levenberg-Marquardt)
as provided by the Accurion EP4Model software (Vers. 19.8.3, Accurion GmbH, Gottingen,
Germany). The approach assumed a two-layer model (substrate/layer 1/layer 2/ambient)
consisting of ¢-Si (bulk)/a-Si(dam)/a-SiO2(dox)/air. The thickness of the amorphous silicon
layer (dam) and that of the covering amorphous silica layer (dox) were taken as fit parameters,
while the wavelength-dependent optical constants of all different materials were taken from a
material database originally provided by the former company Sopra S.A. (France) [63]. Addi-
tionally, an offset of the local angle of incidence (AOI) was used as fit parameter to consider
changes in the direction of the probing light by the buried a-Si/c-Si interface. Interfacial rough-
ness effects were neglected in the ellipsometric modeling as inferred from the previous AFM
measurements. As a result of the fit procedure, the single-pixel values of the fit parameters
were converted into parameter maps, i.e., maps of the thickness for the amorphous silicon and
silica layers.
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Figure 4 compares the results of the SIE-based evaluation of the amorphous silicon
layer thickness dam(x,y) for the four selected fs-laser-irradiated spots at the two laser pulse
energies and for the two different wafer materials. The images share common lateral scale
bars. The amorphous silicon layer thickness dam is encoded in a joint linear grayscale
with brighter values representing larger thickness values up to 60 nm. The enhanced
tendency for laser-induced amorphization for the <111> crystal orientation manifests in
larger amorphized spot areas and significantly larger amorphous layer thicknesses when
compared to the <100> crystal orientation (compare Figure 4a,b with Figure 4c,d). Moreover,
for the spot irradiated at E,, = 12 pJ (¢o = 0.24 ]/ cm?) at the Si<100> wafer even a local
minimum of dam can be seen in the center (Figure 4d) as a precursor to the re-crystallization
occurring at somewhat larger peak fluences exceeding der(Si<100>) = 0.25 J/cm?.

SN[ si<111> - 12 )

40 nm

20 nm

0nm__ 4.

20 0 20 40
Position [um]

Si<100> - 12 pJ

0nm
— 60 — 60
E 40 £ 40
£ ZO-A- £20
T o= raeed ° oL :
-20 ) 20 -20 0 20
Position [um] Position [um]

Figure 4. Maps of the amorphous silicon layer thickness (dam) as determined by spectroscopic imaging ellipsometry (SIE) at
four different fs-laser-irradiated spots on Si<111> (a,b) and Si<100> (c,d) at two laser pulse energies of 10 uJ (¢ = 0.20 J/cm?;
(a,€)) or 12 uJ (¢g = 0.24 J/cm?; (b,d)). The maps have a common scale bar provided in (a,c) and are encoded by a joint linear
grayscale that indicates the thickness. Below each map, a corresponding horizontal cross-section (location indicated by a
white dashed line) of the a-Si layer thickness is drawn. The vertical black dashed line in (b) indicates the position of the
TEM/STEM measurements as marked by the red square in Figure 1.
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The simultaneous fit of the amorphous silica (SiO) cover layer yielded an almost
constant thickness of dox~3 nm to 5 nm inside and ~2 nm to 3 nm outside the laser-
amorphized regions for each of the examined SIE maps. This is exemplified in Figure 5
visualizing the modeled spatial variation of the silicon oxide layer thickness for spots on
Si<111> irradiated by single pulses of E,, =12 uJ/¢pg = 0.24 ]/ cm? (a, left) and Ep=15u]/¢o
=0.30]/cm? (b, right).

Si<111>-12 uJ Si<111>-15uJ nm
(a) SiO,-layer (b) 5.0
4.0
3.0
2.0
1.0
6 . 6 . 0.2
E 4] Sio, ; E 4_\/\/\&’/\\‘.
x 21 =4 2 [
) . B ool
-40 20 0 20 -40 20 0 20 40
Position [um] Position [um]

Figure 5. Top: maps of the silicon oxide layer thickness (dox) as determined by SIE at the surface spots irradiated on Si<111>
by a single laser pulse of (a) 12 pJ (¢ = 0.24 ]/ cm?) and (b) 15 pJ (¢o=030]/ cm?); bottom: horizontal cross-sections
(location indicated by a white dashed line) of the oxide (S5iO;) layer thickness (dark cyan curves) along with the data of
the a-Si layer thickness (gray curves) for comparison. The vertical black dashed line in (a) indicates the position of the

TEM/STEM measurements as marked by the red square in Figure 1. The thickness maps share a common color scale

provided in (b). Note the different image sizes.

The ring-shaped local maxima/minima in the upper and lower parts of the two maps
arise from the ellipsometric imaging geometry performed at non-normal incidence here
(AOI = 55°). In view of a typical native oxide layer thickness, the fitted values of dox~2 nm
outside the laser spot appear reasonable. Comparing the cross-sections visualized by
the dark cyan (SiO,) and gray (a-Si) curves assembled in the bottom parts of Figure
5a,b indicates that the fs-laser-induced amorphization is additionally accompanied by a
local increase of the thickness of the covering oxide layer of ~2 nm here. At the peak
fluence ¢g =0.24]/ cm? below the threshold of the laser-induced destruction of the native
oxide layer (¢annu = 0.26 J/cm?), a step-like oxide layer profile can be seen in Figure
5a. Particularly at the location of the TEM/STEM analyses (marked by the black dashed
vertical line), the SIE-based modeling predicts a thickness of ~3.5 nm. At the increased
peak fluence ¢ = 0.30 ]/ cm?, i.e., above ¢annu, a central disc of slightly reduced oxide layer
thickness is additionally visible in Figure 5b.

These observations of the oxide layer profiles further support the scenario of the local
destruction of the native oxide layer at peak fluences ¢9 > Pannu. Since the wafer surface is
left at high temperatures T > Tey(a-510;) ~2503 K in ambient air after the laser irradiation,
the laser-ablated silicon oxide re-grows in the center of the irradiated spot (¢op > ¢ >
¢annu) at a transiently increased rate compared to the native oxide of the non-irradiated
wafer. In contrast, in the outer annular region, where ¢am < ¢ < Pannu, the laser-induced
heating of the silicon increased the thickness of the covering oxide layer by ~2 nm to 3 nm
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here. Note that the local maxima of dox observed in the bottom part of Figure 5b at the
positions where ¢anny is locally reached (£22 pum in Figure 5b) are additionally affected
by optical scattering effects imposed by the fine topographic rim previously seen in the
AFM/OM data of Figure 2.

3.2. Layer Analysis by Transmission Electron Microscopy (TEM)

In order to verify assumptions made in the SIE data modeling and to verify the corre-
sponding amorphous layer thickness results experimentally, cross-sectional TEM/STEM
analyses were performed on the spot with the largest a-Si thickness, i.e., for Si<111> irradi-
ated at Ep =12 pJ (¢ = 0.24J/cm?). Figure 6a presents a TEM cross-section through the
lamella prepared by FIB at the position marked by the red square in Figure 1. Below the
poly-crystalline Pt protection layer, an amorphous a-Si layer of almost constant thickness
(dam~42 nm to 44 nm) was measured at this specific position on top of the crystalline silicon
material of the substrate (c-Si), where the laser fluence in the Gaussian beam dropped to
a local value of ¢y~0.22 ]/ cm? (estimated by Equation (1)). Higher magnifications of the
a-Si/c-Si interface are presented in Figure 6¢,d, revealing a transition zone with an extent of
~3.9 nm (see Figure 6¢) and no indications of crystal defects formed upon re-solidification,
e.g., twins or stacking faults (see Figure 6d). Such a low roughness of the a-Si/c-Si interface
justifies the previously made assumption of flat interfaces in the ellipsometry layer model
discussed in Section 3.1. The different structural order is demonstrated by the two fast
Fourier transforms shown as insets in Figure 6¢. The two-dimensional Fourier transforms
(2D-FTs) were attained from high-resolution TEM images of the a-Si and c¢-Si regions.

Figure 6. TEM images of an fs-laser-amorphized spot in cross-section (Ep, = 12 uJ/¢pg = 0.24]/ cm?) on
c-5i<111> taken at the position marked by the red square in Figure 1. (a) Overview; (b) high-resolution
image of native oxide layer between the Pt capping layer and the a-Si layer; (c,d) high-resolution
images of the a-Si/c-Si interface. Note the different magnifications. The insets in (c) are two-
dimensional fast Fourier transforms (2D-FTs) of high-resolution transmission electron microscopy
(HRTEM) images of the a-Si and c-Si regions, respectively.

252



Materials 2021, 14, 1651

Additionally, the lamella was investigated by STEM and EDX mapping for recording
cross-sectional elemental maps of the chemical elements platinum (Pt), silicon (Si), and
oxygen (O). Dopant elements were not detected due to their low concentration. In Figure 7,
these elemental maps (512 x 512 pixels, Figure 7b—d) are compared to the corresponding
STEM image as separate reference (Figure 7a).

(a) STEM  (b) Pt (c) O (d) Si

Figure 7. STEM image (a) and elemental energy dispersive X-ray spectroscopy (STEM-EDX) maps of platinum (Pt, yellow,
(b)), oxygen (O, blue, (c)), silicon (Si, cyan, (d)).

25 nm

The elemental maps confirm the previously made assignment of the cross-sectional layer
structure and demonstrate homogeneous distributions of the elements Pt (see Figure 7b), O
(see Figure 7c), and Si (see Figure 7d) within their respective regions. For a complementary
quantification of the layer thicknesses of the silicon oxide and the a-Si layers with an
improved signal-to-noise ratio, the EDX mapping data were binned across a width of
~53 nm in the direction parallel to the layer interfaces (see Figure 8a). The corresponding
accumulated EDX counts of Pt, O, and Si are plotted in Figure 8b versus the position in the
z-direction (depth), with the origin (z = 0) located at the Pt-sample interface.
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Figure 8. STEM image (a) and EDX-based depth profiles (b) of the relative atomic concentrations of platinum (Pt, olive
green), oxygen (O, blue), silicon (Si, bright green). The data are obtained by binning over the region of interest (ROI)
indicated in (a) as an orange rectangle. The red circles in (b) mark the half-maximum positions of the oxide layer interfaces.
The vertical dotted lines indicate the nominal positions of the layer interfaces.
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The Pt-signal of the capping layer exhibits a sharp transition to the underlying native
oxide silicon layer. No significant mixing of Pt with the silicon oxide can be detected
here. The concentration curve of the oxygen exhibits a peak at a depth of ~1.8 nm and
further confirms the information obtained by the TEM imaging. For calculation of the
thickness of the oxide layer, a 50% criterion was applied. Evaluating the difference of
the half-maximum positions (marked by red circles) of the two interfaces of the oxide
layer results in an averaged thickness of ~3.8 nm here (Figure 8b, blue curve). This value
well agrees with the silicon oxide layer thickness of 3.5 nm obtained from Figure 5 in the
SIE-based approach discussed in Section 3.1.

Interestingly, the oxygen signal does not completely vanish in regions associated with
the silicon: within the amorphous silicon layer, a concentration around ~11 at% of O was
detected over a depth of dam ~44 nm, before saturating at a level of ~8 at% in the region of
single-crystalline silicon (Figure 8b, blue curve). Different effects may contribute to this
finding. First, during the period of time in the liquid state (melt duration) of the silicon (a
few nanoseconds only for the given laser irradiation conditions [34]), some oxygen may
dissolve in the liquid silicon and remain in the material after re-solidification. Second, after
the preparation of the FIB lamella and during its storage and transfer to the TEM device, a
thin native oxide layer will have formed at the two surfaces of the lamella, before being
investigated in TEM/STEM. Local difference between the a-Si and c-5Si regions may then
be caused by the slightly different surface oxidation conditions at the altered silicon lattice
structure. In view of the short melt duration and the rather homogeneous distribution of O
across the entire depth of the a-Si layer, the second scenario appears to be more likely here.

4. Discussion

In order to elucidate more details of the fs-laser-induced amorphization and particu-
larly to study its fluence dependence, the data of the amorphous silicon layer obtained by
SIE (Section 3.1) were further analyzed. On basis of Equation (1), for all four laser-irradiated
spots displayed in Figure 4, each image pixel location (x,y) was associated with a local flu-
ence value ¢(r = \/(x? + y?)). Figure 9 semi-logarithmically re-plots the resulting amorphous
silicon layer thickness profiles dam as a function of the local laser fluence ¢ for horizontal
cross-sections through the center of the spots displayed in a local fluence range between
0.08 and 0.3 J/cm?. For quantitative comparison, the thickness of the amorphous layer
measured by TEM on Si<111> was added as an experimental data point (black full square)
at its local fluence value calculated by Equation (1) from the position indicated in Figure 1.
At that local fluence of ¢ ~0.22 J/cm?, the a-Si thickness value of ~50 nm predicted by
the SIE curve deviates by ~10% to 15% from that quantified by TEM—a reasonably good
agreement in view of the assumptions made in the SIE modeling and the complexity of
the experiments involved. Supposedly, the deviation mainly arises from minor differences
of the optical constants of the fs-laser-amorphized silicon and the covering silicon oxide
to the literature values applied here for the SIE modeling [63] and from the small surface
roughness that was not considered by the optical model.

Obvious differences can be seen between the data sets of the Si<111> and Si<100>
wafer materials. Most strikingly, the amorphous layer thickness (slope) is significantly
larger for Si<111>, and two different thresholds of ¢pam<111> = 0.13 J/cm? and Pam<100>
= 0.15 J/cm? can be seen for the onset of superficial amorphization (compare the set
of blue/cyan data points with the red/orange ones in Figure 9). Both findings (slopes,
thresholds) reflect the reduced amorphization tendency of Si<100> arising from its larger
critical interfacial velocity value (see the discussion in Section 3). Importantly, close to
the amorphization threshold fluence, all curves exhibit a linear scaling in this data repre-
sentation. This finding confirms a functional dependence in the form of dam~In(¢/ pam)
that was previously assumed already in [42]. Moreover, using that relation together with
the radial fluence profile ¢ = ¢(x,y) presented in Equation (1), it becomes clear that the
amorphous layer thickness profiles shown in Figure 4a,c exhibit in a good approximation
a parabolic thickness profile in the form dam (x,y)~[In(¢g/Pam) — 2(x*+y?)/wy?] [42]. For
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local laser fluences exceeding ~0.2 J/cm?, some deviations from this simple scaling law
of dam~In(¢/$pam) are notable in Figure 9. While for the Si<111> a moderate thickness
saturation occurs, for the Si<100> a thickness reduction can be seen in the fluence range
between 0.22 and 0.24 ] /cm?. At even larger fluences (¢ > ¢;) re-crystallization sets in for
the Si<100> (see Figure 3), resulting in dam~0 nm.
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o Si<100>: Ellipsometric thickness data (10 pJ)

a-Si layer thickness [nm]

Si<111>: Ellipsometric thickness data (12 pJ)
Si<111>: Ellipsometric thickness data (10 uJ)
Si<111>: Least-squares fit to 1-PA model (Eq. 5)
Si<111>: Least-squares fit to 1-PA+2-PA model (Eq. 3)
Si<111>: TEM thickness data (12 pJ)
Si<100>: Ellipsometric thickness data (12 pJ)

ban(Si<100>) = 0.15 Jiem?

b,n(Si<111>) = 0.13 Jiem?

01 015 02 025 03
Local fluence [J/cm?]

Figure 9. Amorphous layer thickness dam versus local laser fluence ¢. The data points are obtained from SIE measurements
at the four different fs-laser-irradiated spots analyzed previously in Figure 4 for Si<111> (blue full squares (12 pJ) and cyan
open squares (10 pJ)) and for Si<100> (red full circles (12 pJ) and open orange circles (10 pJ)). A quantitative measurement
by TEM is indicated as a single black square with its respective uncertainties. The two vertical dashed lines indicate the
corresponding amorphization thresholds of both silicon materials as previously deduced by OM. The solid pink and solid
gray lines are least-squares fits to Equations (3) and (5), respectively.

Some further conclusions can be drawn from a mathematical analysis of the absorption
processes of the laser radiation occurring in the silicon upon ultrashort-pulse irradiation.
For simplicity, the analysis is performed at the center of the laser spot, neglecting the
Gaussian beam profile here. The absorption of the optical radiation at ~800 nm wavelength
in crystalline silicon is promoted either via linear absorption (1-PA) processes (via indirect
interband transitions or via free-carrier absorption (FCA) through already existent carriers
in the conduction band) or via direct two-photon absorption (2-PA). Neglecting diffusion
and recombination processes during the optical excitation, the intensity distribution I(z) of
the laser beam propagating inside the silicon along the z-direction perpendicular to the
surface can be described by a one-dimensional ordinary differential equation [25,57]:

dl(z,t)
dz

= —lao + a2, 1) + B-1(z, )] 1(2, 1) @
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o and f denote the linear and two-photon interband absorption coefficients, respec-
tively. The (linear) intraband free-carrier absorption is included via coefficient o, (z,t).
Since the FCA depends linearly on the number of available (laser-induced) carriers in the
conduction band, the spatial attenuation of the laser intensity with z is strongly affected by
the transient electron density and can strongly change during the fs-laser pulse and with
depth [35].

Given the depth- and time-dependence of x4, in general, the differential equation
must be solved numerically, which is beyond the scope of this work. However, it is
instructive to analyze the limiting solutions of Equation (2); upon neglecting the FCA and
assuming solely 1-PA and 2-PA, it can be solved analytically via separation of the variables
along with the boundary condition that the intensity at the surface I(z = 0) = I is reduced
to a level of I(dm) = It m at the depth dy,, where the melting threshold Iy, , is reached. The
solution can then be re-written as the following equation for the melt depth when relating
the intensity in the solid to the incident peak fluence (Ip = (1 — R)¢o/7) [64].

_ag BL-R)T,
dm_1-1n<[¢‘“"" T }4’) €)

L% a0+/3(1;R)‘¢

with R being the surface reflectivity at the laser wavelength, T the laser pulse duration,
and ¢y, i the melting threshold (not to be confused with the amorphization threshold ¢am
here). For dominating 2-PA (xg = 0), the melt depth reads [65]

T 1 1
d. = == 4
w5 (fan9) w
while for dominating 1-PA (B = 0), the melt depth simplifies to
1 ¢ >
dm = —-In 5
m 2] (¢th,m ©)

Note that for pure 2-PA at large fluences dy, saturates at a constant value (see Equation (4)).
Least-squares fits were performed using the analytical solutions of Equations (3) and (5)
to the experimental data for the irradiation of Si<111> at E, = 12 pJ (¢ = 0.24 ]/ cm?) pre-
sented in Figure 9. The surface reflectivity of crystalline silicon was assumed to be constant
during the laser pulse duration of T = 30 fs and accounts to R = 0.33 for 790 nm radiation
at normal incidence [40]. g and B were chosen as free fit parameters, while the melting
threshold was assumed to coincide with the amorphization threshold (¢ m = ¢am). The
values of aq g = 4.38 x 10* cm ™! and B, = 15.7 cm/GW obtained from the least-squares
fits to Equation (3) strongly deviate from the literature values (xg~1.1 x 103 cm~! [40] and
B~6.8 cm/GW [66]), indicating that the FCA makes a significant contribution to a reduc-
tion of the fs-laser-induced melt depth in our experiments and that Equation (3) cannot
be applied here. This becomes also obvious when comparing the (small signal) optical
penetration depth 1/ (790 nm) = 9.95 um with the value 1/ o g¢ = 0.10 um deduced from
the least-squares fit to Equation (5) that is deviating by two orders of magnitude here. Note
that the latter value is consistent with the melt depths reported for silicon when solving
the full Equation (2) numerically in combination with a carrier density rate equation, a
two-temperature model (TTM) and molecular dynamics (MD) simulations for somewhat
longer Ti:Sapphire pulses of T = 130 fs [35] and the maximum melt depth values obtained
in time-resolved experiments [67].

Nevertheless, another important conclusion can be drawn from the remarkably differ-
ent slopes of the experimental data in Figure 9 observed for Si<111> and Si<100> at local
fluences close to the amorphization thresholds. For Si<100> the slope value is reduced
by a factor of ~2 compared to the Si<111>. Since the coupling of the optical pulse energy
into the silicon is not expected to depend significantly on the lattice orientation (resulting
in the same melt depth dy), it is inferred here that the approximately two-times-smaller
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amorphization layer thicknesses dam must arise from differences in the re-solidification
process, caused by the fact that the (larger) critical velocity of amorphization is reached later
for Si<100> compared to Si<111>. In other words, at least for the Si<100> the melt depth
is significantly larger than the amorphous layer thickness [dm(51<100>) >> dam (Si<100>)].
Nevertheless, as proven by the experimental data in Figure 9, a scaling law dam = dg x
In(¢/ pam) remains valid under these conditions, indicating that a constant fraction of the
maximum melt depth solidifies as amorphous top-layer. In contrast, for the Si<111> no
indications were found by TEM/STEM that the melt depth may be different from the
amorphous layer thickness—although it cannot completely be ruled out here if a perfectly
epitaxial re-growth occurs.

Table 1 compiles the different threshold fluences (¢am, Pannu, Pabl, Per) analyzed in
this work along with a comparison to other relevant literature values.

Table 1. Characteristic threshold fluence for the irradiation of single-crystalline silicon in air or
vacuum by single Ti:Sapphire fs-laser pulses (T = 30 fs to 150 fs, A = 780 nm to 800 nm, normal
incidence); specific experimental conditions are indicated as footnotes. Abbreviations: AFM: atomic
force microscopy, CSLM: confocal scanning laser microscopy, OM: optical microscopy, OES: optical
emission spectroscopy, iu-RS: micro-Raman spectroscopy, SEM: scanning electron microscopy, SIE:
spectroscopic imaging ellipsometry, TEM: transmission electron microscopy.

Detection

2
Threshold J/ecm Effect Methods Reference
AFM, OM, SIE,
¢Pam 0.131 . TEM This work
Si<111> 0.272 af‘fi“ﬁiggin AFM, CSLM, [40]
p OM, 1-RS
Si<100> 0.151 AFM, OM, SIE This work
~0.152 oM [68]
AFM, OM .
1 ’
Sfpai“l“ll> gii N Destruction of AFM, CSLM, Th1[s4x(/)v]ork
1< : the native OM, u-RS
Si<100> 0291 oxide layer AFM, OM This work
$abl 0391 A%ﬁ’ égﬁfv[ This work
. 2 . 2 s
Si<111> 0.52 Ablation OM, 1RS [40]
0371 AFM, OM This work
Si<100> ~0.3-0.42 AFM, OES [69,70]
~0.33 AFM, SEM, TEM [68]
Ger 0.681 R AFM, OM, SIE This work
Si<111> 0582 - APM, CSLM, [40]
’ crystallization OM, u-RS
Si<100> 0251 AFM, OM, SIE This work

Pulse durations: ! 30 fs. 2 150 fs. % 130 fs.

5. Conclusions

Single near-infrared fs-pulse laser-induced amorphization and re-crystallization of
single-crystalline silicon (<111> and <100>) were studied with unprecedented resolution
in a multi-method approach involving top-view optical microscopy (OM), spectroscopic
imaging ellipsometry (SIE), atomic force microscopy (AFM), cross-sectional-view high-
resolution transmission electron microscopy (HRTEM), and imaging energy dispersive
X-ray spectroscopy (EDX). For laser fluences below the ablation threshold in the melting
regime, significant differences of the thickness of the final amorphous surface layer were
found among the two wafer materials. A multi-spectral all-optical approach based on SIE
was developed allowing to retrieve spatially resolved thickness profiles with nanometric
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precision in a non-destructive manner. While for a radially Gaussian laser beam irradiating
Si<111> at fluences up to 0.2 J/cm? some parabolic amorphous layer profiles with maxi-
mum thicknesses of ~50 nm were determined, the corresponding maximum layer thickness
for Si<100> was about half of this value at the same local fluence. The fs-laser generated
amorphous silicon layer exhibited a very low interfacial roughness amplitude (~4 nm) to
the underlying single-crystalline <111> substrate material. Neither stacking faults nor any
traces of twinning were found by high-resolution TEM. The superficial oxide layer was
analyzed by high-resolution EDX chemical mapping and depth profiling and indicated
a thickness of ~3.5 nm, in agreement with the SIE-based thickness analysis. Moreover,
the spectroscopic imaging ellipsometry was capable of visualizing a subtle laser-induced
oxide thickness increase of ~2 nm in the laser-amorphized regions here. Mathematical
modeling of the melt layer thickness on the basis of several different absorption processes
(1-PA, 2-PA, FCA) underlined the relevance of free-carrier absorption processes in the
fs-laser-induced melting of silicon. Our results support a scenario that for Si<111> the
fs-laser-induced melt layer transfers completely into amorphous material, while for Si<100>
only an upper part of the melt pool finally turns amorphous at the end of the solidification
process when a critical interfacial velocity is exceeded. Moreover, laser-fluence-dependent
re-crystallization effects can manifest in the center of the irradiated spots, i.e., for peak
fluences exceeding ~0.25 J /cm? for Si<100> and 0.68 J/cm? for Si<111>, respectively. Our
results provide evidence that spectroscopic imaging ellipsometry is capable of a fast and
precise characterization of nanometer-thick laser-induced structural and chemical surface
modifications.
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Abstract: In this report we investigate the performance of various beam shutter technologies when
applied to femtosecond laser micromachining. Three different shutter options are considered: a
mechanical blade shutter, a bistable rotary solenoid shutter, and an electro-optic modulator (EOM)
shutter. We analyzed the behavior of each shutter type during repeated open/close commands
(period of 10 < T < 200 ms) using both high-speed videography and practical micromachining
experiments. To quantify the performance at varying cycle periods, we introduce a new variable called
the compliance that characterizes the average state of the shutter with respect to its intended position.
We found that the solenoid shutter responds poorly to sequential commands. The mechanical
shutter provides reliable performance for cycled commands as short as T = 40 ms, but begins to lag
significantly behind the control signal for T < 20 ms. The EOM shutter provides the most precise
and reliable performance, with an opening time of only 0.6 ms and a high compliance with the signal
commands, even when cycled very quickly (T = 10 ms). Overall, this study acts as an extensive
practical guide for other laser users when considering different shutter options for their laser system
and desired application.

Keywords: pulsed laser; laser micromachining; mechanical shutter; solenoid shutter; electro-optic
modulator shutter; opening time; lifetime

1. Introduction

The beam shutter is a crucial component of a laser micromachining system. However,
it is often rarely or only roughly mentioned in research studies. The ability to accurately
control when a surface is exposed to the laser beam allows for the fabrication of intricate
microstructures and geometrically well-defined surface textures. Having control over the
exact number of pulses irradiating the surface ensures uniformity of the surface textures or
structures being ablated.

Over the past twenty years, researchers have used several different shuttering tech-
nologies such as electromechanical shutters, electromagnetic shutters, and electro-optical
shutters. For example, electromechanical shutters have been applied in various applica-
tions, such as the development of superamphiphobic patterns on PTFE [1], the fabrication
of conical spike arrays on silicon [2], and a fundamental study of the threshold fluences and
incubation coefficients of different metals [3]. Electromagnetic shutters have been applied
in the biomimetic surface texturing of metals [4] and the formation of periodic surface
structures on dielectric materials [5]. An electro-optical shutter was employed to study the
ablation threshold and damage morphology of common metals [6]. Further, characteri-
zation studies have also been conducted on electro-optical shutters such as optical Kerr
gates [7]. Some examples of recent advances in shutter technology include the reduction in
vibrations of electromechanical shutters [8,9], integration of photodiodes into mechanical
shutters [10], and the fabrication and characterization of an optical shutter based on a
piezoelectric cantilever [11].
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Without an effective shuttering system, laser texturing applications are severely lim-
ited. For example, as shown in Figure 1a, it is possible to micromachine an array of square
pillars without a shutter, whereas long, overlapping lines can be intersected in the x- and y-
directions, producing a grid. However, as demonstrated by the topographical heat map and
corresponding cross-sectional profile line, this method of generating surface textures causes
some portions of the surface to receive twice the amount of laser pulses. The unavoidable
side effect of this approach is the creation of some areas which are deeper than others
along with differing local surface chemistries. This problem of overlapping fluence profiles
with uncontrolled depth has been witnessed in numerous applications, e.g., wettability
studies on ablated gridlike structures [12,13] and dynamic studies concerning the influence
of micromachining on droplet mobility and splashing [14,15].
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Figure 1. Comparison of square pillar microstructures fabricated using a simple grid pattern without
a shutter (a) and the same structures fabricated using a sophisticated shutter system, allowing for
greater control of the accumulated ablation depth (b).

In contrast, Figure 1b shows an example of the same intended, inscribed microstructure
now realized using a beam shuttering device to allow for dead zones in the raster scan
while only machining in the x-direction. This added component makes it possible to
micromachine structures with a far greater level of control—in this case, the fabrication of
square pillars arrayed within flat valleys of even depth.

In this report, we investigate the performance of three different shuttering options: a
mechanical blade shutter, a bistable rotary solenoid shutter, and an electro-optic modulator
(EOM). The mechanical and solenoid shutters function by blocking the light using a physical
blade which is moved mechanically into or out of the beam path. In contrast, EOM
shutters function using electro-optical devices such as Pockels cells, which shutter the laser
beam electromagnetically. Having a deeper understanding of what shutter systems are
available for various applications can assist the user in making informed decisions on what
technology to use. Hence, the goal of this report is to provide a practical comparison for
laser system users of three different beam shutter technologies.
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2. Materials and Methods
2.1. Micromachining Setup

The micromachining setup used in this work consists of a Libra Ti:Sapphire laser
system (Coherent, Inc., Santa Clara, CA, USA) with a central wavelength of 800 nm, pulse
duration <100 fs, and a 1 kHz repetition rate. For this work, the pulse energy was set
at 100 uJ and a spot size of 8 um was used, corresponding to a pulse peak fluence of
398 J/cm?. This irradiation source is complemented with a sample positioning system
consisting of XY linear translation stages which are actuated by an XPS universal high-
performance motion/driver controller (Newport Corp. Irvine, CA, USA). This same
motion/driver controller outputs a transistor—transistor logic (TTL) signal to signify the
open/close position of a beam-blocking shutter in conjunction with the stage movements.
All axis movements, including stages and beam shuttering, are user-defined by position—
velocity—-time trajectory tables, where each axis adheres to a list of positions specified in
said table at defined times with a defined running velocity for each position point.

2.2. Shuttering Methods
2.2.1. Mechanical Shutter

We included in our tests a widely used, commercially available shutter—the unistable
Uniblitz VS25 optical shutter (Vincent Associates, Inc., Rochester, NY, USA). This unit has
an aperture of 25 mm and two shutter blades which have a specified opening time of 6 ms.
This shutter interfaces with the XPS through a VCM-D1 shutter driver (Vincent Associates).
Figure 2a presents a box chart visualization of the signal pathway for this shutter.

H-bridge
(b) Solenoid Shutter input
5y signal 3V
— —p —_—
XPS Controller T Microcontroller —onu. H-bridge
-3V
(c) EOM Shutter
5V A: 800 nm

N S . |
XPS Controller —— SDG —— EOM Driver  ——

EOM

Figure 2. Box chart visualizing the signal pathway for each shutter. (a) Mechanical shutter.
(b) Solenoid Shutter. (¢) EOM shutter.

2.2.2. Solenoid Shutter

We next included a simple solenoid shutter in our tests—the bistable BOS7/10 ro-
tary optical shutter (Takano Co., Ltd., Chiyoda City, Tokyo, Japan). This unit has a
12.3 mm x 10.3 mm shutter blade which rotates over an operating angle of 50° and has a
quoted response time of <17 ms. A permanent magnet ensures that the shutter remains
stationary at either extreme of this rotating path when the solenoid is de-energized. The
shutter is actuated to rotate to either its open or closed position by the application of posi-
tive or negative 3 V. As shown in Figure 2b, we programmed an Arduino microcontroller to
read the TTL signal from the XPS and activate a H-bridge to handle this voltage switching
(See Supporting Note S1 for further details).
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2.2.3. Electro-Optic Modulator Shutter

Finally, we included an electro-optic beam shuttering method in our tests. Ultrafast
laser systems achieve useful power through Chirped Pulse Amplification, whereas a
stretched seed beam is passed multiple times through a solid-state laser gain medium to
gain the power of a pump beam. In our case, a QX-1020 KD*P electro-optic shutter (Gooch
& Housego, PLC, Ilminster, UK) with a rise-fall time of 800 ps controls entry of the seed
beam to the regenerative amplifier cavity containing the gain medium. This electro-optic
shutter is actuated by an SDG Elite synchronization and delay generator (Coherent, Inc.,
Santa Clara, CA, USA) which can in turn be gated using an external TTL signal. As shown
in Figure 2¢, the TTL signal from the XPS is used to shutter the laser seed beam, resulting
in controlled laser beam output from the Libra (see Supporting Note S2 for further details).

2.2.4. Measurement of Shutter Action

To accurately measure the position of each shutter tested in this report, we used a
FastCam SA5 high-speed camera (Photron USA, Inc., San Diego, CA, USA) equipped with a
Zoom 7000 18-108 mm macro zoom lens (Navitar, Inc., Ottawa, ON, Canada) to observe
the shuttering action in real time at 2000 to 5000 frames per second. Figure 3 displays
representative snapshots of each shutter in the closed, halfway open, and fully open states.
Note that for the EOM shutter, there is no observable physical component. Therefore, we
recorded the intensity of light on a surface at which the laser beam was aimed. Since the
pulse duration of the laser is on the order of femtoseconds, the pulses occur on a timescale
approximately 10'2 times faster than the camera frame rate and hence no intermediate
intensities are recordable. As a result, our experimental setup does not allow for the
recording of a frame in which this shutter is halfway open. Supporting Videos 5S1-53 show
the original videos from which the snapshots in Figure 3 were obtained.

Closed
(a) Mechanical

Halfway open

Open

(b) Solenoid

Figure 3. Frames of high-speed video footage used to measure the position of each shutter over time.
(a) Mechanical shutter. (b) Solenoid Shutter. (¢) EOM shutter.

2.3. Substrate Material

All micromachining experiments were performed on a single, polished coupon of
P20 tooling steel purchased from McMaster Carr (Elmhurst, IL, USA). This material has
a chemical composition of: Fe (94.82%), C (0.38%), Si (0.30%), Mn (1.37%), S (0.002%),
Cr (1.95%), Ni (1.00%), Mo (0.18%).

266



Materials 2022, 15, 897

3. Results

We began our work with tests of possible delays introduced by the electronic control
equipment in the signal pathway. That is, we took simultaneous oscilloscope readings of
the XPS controller TTL signal and the signal sent forth by the UniBlitz driver or Arduino
microcontroller, with a temporal resolution of 0.04 ms. As shown in Figure 4, neither the
commercial mechanical shutter driver nor the microcontroller we programmed ourselves
to activate the H-bridge introduce any measurable delay in the electrical signaling of their
respective shutters. There is no offset in the square high/low TTL signal and the respective
square high/low shutter driver signals. These findings tell us that any deviation from ideal
shutter behavior will be the result of mechanical—not electrical—limitations of the systems.

(a) UniBlitz Driver
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Figure 4. Simultaneous oscilloscope readings of the XPS controller signal and the: (a) Uniblitz driver
output signal to the mechanical shutter, and (b) Arduino microcontroller output signal to the EOM
and solenoid shutters.

The practical opening time of each different shutter type was next tested using a laser
micromachining experiment. As shown by the illustration at the top of Figure 5, a hole
was first drilled on the left side of the sample. Next, the shutter was closed, and the beam
position began shifting with a translational velocity of 20 mm/s towards the right. Finally,
after 5 ms (at a distance of exactly 100 um), the shutter was signaled to open while the beam
continued to shift across the surface. This test was repeated eight times for each shutter.
Based on this simple experiment, the practical opening time can be elucidated in Figure 5
from the distance between the large hole on the left and the first discernible ablated spot
to the right. For example, in the case of the mechanical shutter we observe an average
distance of 170.5 & 4.4 pum, corresponding to a practical opening time of 3.03 & 0.22 ms.
For the solenoid shutter, we find that type; = 12.20 4= 0.29 ms, and for the EOM shutter we
find that fopen = 0.62 4= 0.22 ms.
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Closed Open
< : > & >
100pm 200um 300um 400pm
Ops S5us 10ps 15us

(a) Mechanical

(b) Solenoid

Figure 5. SEM micrographs demonstrating how the opening time of each shutter was measured. The
opening time can be discerned based on the distance of the first ablating pulse from the deep hole on
the left. (a) Mechanical shutter. (b) Solenoid Shutter. (c) EOM shutter.

Next, we consider the performance of each shutter while responding to a long sequence
of open/close commands. Figure 6a graphs the measured position of each shutter for a
period of T = 200 ms (i.e., 100 ms open, 100 ms closed, repeating). In this figure, the
grey shaded blocks represent times where the shutter is commanded to be closed, and the
white shaded blocks represent open segments. Meanwhile, the actual shutter position is
represented by a number ranging from zero (completely closed) to one (completely open).
It is clear that both the mechanical and the EOM shutter respond nearly perfectly to the
signal commands at this frequency, while the solenoid shutter has a noticeable time lag.
In addition, the position of the solenoid shutter oscillates several times while switching
to a different state. This occurs due to the physical momentum of the solenoid shutter’s
blade, which bounces back slightly towards the center position after reaching the intended
open/closed position. Hence, it takes approximately 50 ms for this shutter type to come to
rest in the intended position after it first arrives there. This problem can be easily visualized
in Supporting Video S2, which shows a high-speed video of the solenoid shutter in action.
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(a)

T =200ms
(b)

T =100 ms
(c)

T =40ms
(d)

T =20 ms
(e)

T =10ms
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Figure 6. Measured position of each shutter over time for different cycling periods. (a) T = 200 ms.
(b) T=100ms. (c) T =40 ms. (d) T =20 ms. (e) T = 10 ms.

Figure 6¢ graphs the measured positions of the shutters for T = 40 ms. Here, we see
that the opening time of the mechanical shutter is clearly visible, since the dashed red line
representing the mechanical shutter appears to rise and fall much later than the change
in the command signal. However, at this cycling period, the solenoid shutter is no longer
able to keep up with the speed of the commands. As explained above, the solenoid shutter
requires approximately 50 ms to come to rest once it reaches the intended position, during
which time it continues to bounce at the end of its movement path. Hence, when a new
command signal is received before this oscillation period is complete, the shutter blade
begins to act quite uncontrollably, bouncing back and forth rapidly between the extremes
of its movement path. This oscillating behavior of the solenoid shutter’s blade illuminates
another important consideration when selecting a shutter for laser processes: for shutters
that rely on the movement of physical components, the opening time of the shutter is not
sufficient to characterize its performance. For example, based on the solenoid shutter’s
measured opening time of topen = 12.20 & 0.29 ms, some users might assume that this
shutter would perform adequately at a cycling period of T = 40 ms. However, Figure 6¢
clearly shows that at this cycling period, the momentum of the shutter blade causes serious
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performance problems. Therefore, when considering different shutter options for laser
micromachining applications, the influence of the momentum of the shutter’s blades should
be accounted for. In this specific case, the slow response of the solenoid shutter can be
attributed to its operating voltage. The BOS7/10 solenoid used in this study can operate at
a voltage ranging from 3-12 V. At higher voltages, the shutter actuates more quickly, but
the duty cycle of the device is decreased. Hence, if the solenoid is used at a 100% duty cycle
with a higher operating voltage it will overheat, causing the internal resin bobbin to melt,
which can lead to a short circuit in the coil. Therefore, for this type of shutter, there is an
inherent tradeoff between the performance of the device and its lifetime. We operated the
solenoid shutter at a voltage of 3 V, at which the response time is relatively slow, but the
shutter can be operated at any duty cycle.

Figure 6d,e presents our observations for T = 20 and 10 ms. At these very fast cycling
times, the solenoid shutter no longer functions at all, reaching shutter positions no greater
than 0.22 in the graph. At such low shutter positions, the edge of the shutter’s blade does
not move far enough for even the periphery of the laser beam to pass. From a practical
perspective, the solenoid shutter remains closed throughout the entire experiment. The
mechanical shutter still performs relatively well at T = 20 ms, faithfully following the
command signal with only a short lag time of 3 ms. However, at P = 10 ms (Figure 6e), this
shutter finally fails. This failure was expected at this cycling period since the manufacturer
states that the shutter has an opening time of 3-6 ms, and hence a cycling time of 6-12 ms,
which matches the duration of the signal tested. In contrast, the EOM shutter continues to
perform nearly perfectly throughout every cycling period tested. Even at a cycling period
of only T = 10 ms, the EOM shutter is almost always in the correct open/closed position.
Only a few datapoints represent positional errors wherein the shutter is open during a
close command or closed during an open command.

To quantify the performance of the different shutters at various cycling periods, we
introduce a new parameter that we call the compliance, C, which is calculated based on
the shutter’s position during the open signals sent by the controller. So if the total duration
of open signals sent by the controller is given by tyep signat, and the measured time that the
shutter is actually open (during the open signal) is fopen,meas, then C = topen,meas/ Eopen,signal-
Using this definition, the compliance is graphed versus the cycling period in Figure 7.
Clearly, each shutter performs best at longer cycling times. For example, at T = 200 ms, the
values are Crop = 1, Cpeen = 0.95, and Cgy; = 0.71, whereas for T = 10 ms, the values are as
low as Cpom = 0.96, Cyyyeery = 0.02, and Cy, = 0. This graph also serves as a clear visualization
that in general, the EOM shutter is the highest performing option, and the solenoid shutter
has the worst performance.
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Figure 7. Compliance versus cycling period for each shutter.

270



Materials 2022, 15, 897

Figure 8 provides a physical demonstration of the conclusions drawn from Figures 6 and 7.
For each shutter, a series of horizontal dashes are micromachined at various cycling times.
The translation speed used for each line is adjusted such that the length of each dash,
and the spaces between them, are intended to be 100 um (as shown by the yellow lines).
Accordingly, dashes at shorter cycling periods are machined at a faster translation speed.
The red and black boxes at the top of the figure indicate the horizontal sections in which
the shutters should be open (O) and closed (C). These images confirm the trends observed
in Figure 7. That is, for long cycling times all three shutter options successfully execute
the signal instructions. Additionally, as the cycling period is reduced, the dashes begin to
lag behind the signal instructions. The mechanical shutter exhibits noticeable lag times at
T =20 ms and fails completely at T = 10 ms. The solenoid shutter exhibits noticeable lag
times throughout the entirety of the experiment and fails completely at T = 20 ms. The EOM
shutter performs extremely well at each cycling period tested, only showing noticeable lag
behind the command signal when T = 10 ms.

(a) Mechanical

T =200ms
T =100 ms
T =40ms
T=20ms
T=10ms
(b) Solenoid
T =200ms
T =100ms
T =40ms
T=20ms
T=10ms
(c) EOM
T =200ms
T=100ms |
T=40ms
T =20ms
T=10ms

Figure 8. SEM micrographs demonstrating the performance of different shutters when subjected to a
cycling open/closed signal with varying period. Ideally, each ablated line should be 100 um long,
and remain aligned with those above it. (a) Mechanical shutter. (b) Solenoid Shutter. (c) EOM shutter.

As a final test of each shutter technology considered in this report, we attempted to
micromachine an array of 100 x 100 um? square holes, spaced 100 pm apart. The beam
was raster scanned across the surface with a translation speed of 5 mm/s, corresponding to
an open/close time of 20 ms, and hence a cycling period of 40 ms when considering a wide
array of inscribed features. Figure 9 displays topographical heat map images of the results,
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so that the depth of the features can be visualized. Figure 9a shows the features inscribed
by the mechanical shutter, which are clearly affected by the lag time of this device. On the
right feature, a dashed square box illustrates the intended shape of the square, and the
arrows indicate the direction of the raster scanning beam. It is clear that the lag time of the
shutter causes each pass of the beam to be displaced slightly from the previous, resulting
in misaligned edges of the microstructure. This effect is even more clearly demonstrated
by the solenoid shutter (Figure 9b), where subsequent passes of the beam do not overlap
at all. The magnitude of this problem can actually be predicted by the solenoid shutter’s
measured opening time of 12.20 ms. Considering the translation velocity of 5 mm/s, the
opening time of the shutter leads to a displacement of 61 pm in each direction, such that
subsequent lines, when the beam is raster scanned left and right, become misaligned by
a total of 122 um—greater than the width of the intended microstructures. Therefore, it
is not possible for this shutter to inscribe overlapping lines to develop features smaller
than 122 um.

Figure 9. Heatmaps visualizing the topography of ablated microstructures on steel. As shown in
the bar on the right side of the image, red colors correspond to high sections of material, and blue
sections correspond to low sections. (a) Mechanical blade shutter. (b) Bistable rotary solenoid shutter.
(c) EOM shutter.

Figure 9c represents the EOM shutter, which has a clear square shape resulting from
the low lag times and high compliance of this shutter technology. In this case, misalignment
of consecutive raster scan passes is only noticeable from the wavy edges on the left and
right sides of the square holes.

The misalignment issue demonstrated in Figure 9 stemming from the back-and-forth
relative motion of the beam can indeed be avoided if a raster scanning trajectory is not
used. Rather, the laser trajectory can be designed to exclusively open the shutter during
rightwards passes. In this scenario, the delay caused by the shutter leads to a relative
horizontal displacement of the beam (and hence micromachined features) in a single direc-
tion. However, this possibly increases the processing time required to ablate the surface,
since half of the beam’s trajectory is not being utilized for machining—a consideration of
importance especially for slow translation systems. Therefore, perfect alignment of the
beam during a conventional back-and-forth raster scan is desirable whenever possible.
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All of the figures above prove that the EOM shutter considered in this report demon-
strates the highest performance in every metric tested: the opening time, consistency
during cycling, overall compliance, and practical laser machining of microstructures. These
comparisons are summarized in Table 1. For the sake of comparison, Table 1 also provides
technical details about several other shutter options not tested in this report. The informa-
tion in Table 1 was gathered both from publicly available datasheets on the manufacturers’
websites, and from personal communications with the manufacturers. Supporting Note S3
provides screenshots and website links to the datasheets. Comparing the data in Table 1,
it is noticeable that the solenoid shutters are the most cost-effective, but they have very
long opening times. Hence, solenoid shutters are appropriate only for applications where a
short opening time is irrelevant. Unfortunately, since EOMs are not generally marketed
as shutters, we were unable to obtain the same comparative information (such as lifetime
and cost) for that shutter type. However, in Supporting Note S2 we have listed the names
and specifications of some Pockels cells (and drivers) available on the market today, which
could be used as shutters.

Table 1. Comparison of cost and performance characteristics of shutters. In the left column, the shutter
models in bold font are the ones that were empirically tested in this report. Values marked with an
asterisk (*) were measured experimentally. All other values are obtained from the manufacturers.

Opening Time Lifetime Compliance ~ Compliance Cost
Shutter Name Type [ms] [Cycles] (T =40 ms) (T =200 ms) [USD]
Vincent Associates—CS45 Electromechanical ~ 3.03 +0.22 * 1.0 x 10° 0.75* 0.95* 705-1570
ThorLabs—SHB025 Electromechanical 3 1.5 x 107 962
NM Laser . g
Products—I ST200SLP Electromechanical 1 >10 495
Takano—BOS 7/10 Solenoid 1220 £0.29* 5 x 100 0.24* 0.71* 145
Brandstrom Instruments . 6
(Custom) Solenoid 25-35 2.5 x 10 250-350
Ellis/Kuhnke : 7
Controls—CDR030 Solenoid 30 2x10 370
Gooch & Housego Model QX Not Not
Pockels Cell EOM 0.62+0.22% Available 0.99* 1.00* Available

Considering the application of our findings to the laser micromachining field today, it
should be noted that in general, most industrial-grade, high-frequency, ultrashort pulsed
laser systems already utilize an EOM for beam shuttering [6,7]. This is necessary to accom-
modate the high scanning speeds and high repetition rates required to machine products
in a time-efficient manner. However, in more fundamental academic research, many fa-
cilities rely on low-frequency pulsed lasers which are often shuttered using conventional
electromechanical devices. Yet, in many cases, the purchase of an electromechanical shutter
is unnecessary, since an EOM is already integrated into the laser’s regenerative amplifier
cavity but is simply not being used to its full potential as a shutter for micromachining
applications [12]. Therefore, integrating EOM shuttering into many laser micromachining
setups would have no associated cost.

4. Conclusions

In this report, we compared the performance characteristics of three different
shutter options: a mechanical blade shutter, a bistable rotary solenoid shutter, and an
electro-optic modulator.

When each shutter was tested with a cycled on/off signal at various frequencies,
we observed that the momentum of the shutter’s physical components can influence the
shutter’s response to subsequent signal pulses, leading to unreliable actuation and reduced
compliance. Therefore, the opening time of a shutter is doubly important when responding
to a long series of on/off commands, in which a slow response to one command leaves the
shutter’s physical barrier still in motion when the next command is received. This effect
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was most prominent for the solenoid shutter, which was observed oscillating its position at
the end of its movement path.

Comparing the prices and performance of each shutter, the solenoid shutter is the
most affordable option, but has very poor performance in terms of the opening time and
overall compliance. Therefore, solenoid shutters should only be considered in applications
with cycling times greater than 100 ms and where a slow opening time is not detrimental.

In contrast, the EOM demonstrated the best performance in every category tested: the
opening time, consistency during cycling, overall compliance, and practical laser machining
of microstructures. Therefore, for laser systems which rely on chirped pulse amplification
within a regenerative amplifier cavity, the EOM should be applied as the beam shuttering
method, since the optical components are already present. Furthermore, for other types of
laser systems that are not based on a regenerative amplifier cavity, an EOM could still be
considered as an effective, albeit pricier, shuttering system by installing it outside of the
laser system itself.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/mal5030897/s1, Note S1: Solenoid Shutter, Note S2: Signal Delay Generator, Table S1: List of
some Pockels cells available on the market, Table S2: List of some Pockels cell drivers available in the
market, Note S3: Screenshots and Links for Information on Shutter Specifications and Cost, Video S1:
high-speed video of mechanical shutter responding to open/close commands with a cycling period
of 100 ms, Video S2: high-speed video of solenoid shutter responding to open/close commands with
a cycling period of 100 ms, Video S3: high-speed video of EOM shutter responding to open/close
commands with a cycling period of 100 ms.
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