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An alternative approach to conventional fabrication methods for optical components is the laser-
based process chain. In that case, precise form generation can be achieved using ultrashort pulse
(USP) laser ablation. Precise control of the ablation depth and surface roughness is a crucial require-
ment for optical applications. Current developments in USP laser beam sources lead to an increase in
output power, enabling high harmonic generation with sufficient pulse energy for the ablation of glass
materials. Optical glasses, depending on their specific chemical composition, show a drop in trans-
parency in the UV-range. In this paper, the influence of the pulse duration, exemplary for 200 fs and
8 ps, on the ablation behavior of the optical glasses N-BK7 and P-SF69 is investigated comparing an
IR-wavelength of 1030 nm to deep-UV-wavelengths of 257-266 nm. In contrast to IR-ablation, where
the ps-pulse duration results in a more efficient ablation compared to fs-pulses, the ablation efficiency
of N-BK7 is independent of the pulse duration in DUV. Furthermore, the surface roughness can be
reduced to Sa < 0.14 pm using DUV laser radiation. The ablation behavior of P-SF69 is melt-domi-
nated, resulting in a smooth roughness down to Sa =45 nm, near to optical quality.
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1. Introduction

The optical components market is currently pushed by an
increasing demand for miniaturization, shortened produc-
tion times, digitalization and high durability of the optical
elements. Therefore, innovative optical system designs in-
creasingly contain micro-optical components, aspheric
lenses and free-form surfaces. Applications are, e.g., imag-
ing systems, endoscope optics, achromats and sensor tech-
nology. Such complex shaped geometries, especially when
differing from a rotationally symmetric shape, are difficult
to manufacture with conventional fabrication methods like
mechanical milling, grinding and polishing. One upcoming
alternative process technology currently in development for
glass optical elements is offered by a laser-based process
chain. Precise form generation can be achieved by ultrashort
pulse (USP) laser ablation, resulting in a surface roughness
of typically Sa = 0.4-1 pm [1-4] using IR-laser radiation
(mostly about 1030-1064 nm). The fabrication of different
micro-optical devices from fused silica by USP laser abla-
tion at 1030 nm wavelength has been presented, including
axicons [5], spherical and cylindrical micro-lenses [1,6]. As
the surface roughness after ablation does not fulfill optical
requirements, subsequent CO;-laser polishing can be con-
ducted for further reduction of the surface roughness [1,5—
8].

Laser ablation of glass is still a challenging task when it
comes to precise micro processing. The ablation behavior,
determining the achievable precision of ablation, is depend-
ent on material properties like absorptivity, absorption depth,
and thermal conduction. Due to the high absorption in the
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MIR-range, glass ablation can be performed with CO,-laser
radiation [7,9—11]. The second area, where glasses are typi-
cally highly absorptive, is the range of deep-UV-(DUV)
wavelengths, which is addressed by studies on nanosecond
excimer laser ablation, e.g. at 193, 248 and 308 nm wave-
length [12,13]. Both approaches, using ns-ys or continuous
wave (cw) laser radiation, are influenced by pronounced
heat affected zones (HAZ) diminishing the ablation quality.

In contrast to longer pulse durations and cw-radiation,
USP laser radiation is beneficial for precise material ablation
and well-known for high quality machining. The reduction
of melt formation and HAZ when using fs-ps pulses com-
pared to longer pulse durations is based on the very short
duration of the laser-material interaction. Absorption in
transparent materials of standard solid-state laser wave-
lengths in the infrared-range is enabled by the high intensity
of the USP laser pulses (I > 10'2 W/cm?) triggering non-lin-
ear absorption mechanisms [14]. Interaction and absorption
mechanisms of dielectric materials with USP laser radiation
have been investigated fundamentally. The excitation of
electrons from the valence into the conduction band is initi-
ated by non-linear multi-photon absorption, that can be ac-
companied by tunnel ionization [15,16]. Further linear ab-
sorption of photons takes place by Inverse Bremsstrahlung
absorption, impact and Avalanche ionization [15,17,18].
Due to the time scale of the sequence of different ionization
processes, the overall ionization can be dominated by single
ionization mechanisms depending on pulse duration and in-
tensity. With increase of the pulse duration from fs to ps and
with increasing intensity, the dominating mechanism is
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shifted from multi-photon ionization to Avalanche ioniza-
tion [19].

USP ablation of transparent materials using VIS-IR laser
radiation is widely investigated. Due to the high intensities
required for absorption, the process is susceptible to crack-
ing and formation of a certain heat-affected zone. Current
developments in USP laser beam sources lead to increasing
output powers enabling high harmonic generation with suf-
ficient pulse energy for the ablation of dielectric materials.
DUV modules for fourth harmonic generation of solid-state
USP laser beam sources became commercially available in
the last few years. Thus, research on laser material pro-
cessing with DUV USP laser radiation is currently growing.
Single pulse, line and small area processing of ultra-thin dis-
play glass was studied using a 257 nm 500 fs laser [20].
Compared to processing results achieved with 350 fs at 515
nm, this study shows a reduction of crack-formation, rough-
ness and chipping with the DUV setting [20]. Single pulse
and line ablation behavior of BK7 and soda-lime glass with
a 300 fs, 206 nm laser is investigated by another recent pub-
lication [21]. The researchers state a primarily photome-
chanical ablation mechanism and a reduced penetration
depth of the DUV pulses compared to longer wavelengths as
an explanation for a low surface roughness after ablation
with 206 nm [21]. The DUV ablation behavior in depend-
ence on the number of pulses is investigated for soda-lime
glass with 206 nm at 300 fs, regarding width, efficiency and
surface roughness of single spot ablation. A controllable pre-
cision in depth ranging from nm-um is presented and high-
quality ablation with low HAZ is related to linear light ab-
sorption. [22] As glass ablation with IR-wavelengths is al-
ready under investigation for a longer time, more extensive
research is available including three-dimensional ablation
processes, analysis of process efficiencies and the influence
of various parameters [23-25]. In contrast, mostly single
spot, single line and small area processing regarding one la-
ser setup is investigated for DUV ablation.

In this paper, the ablation behavior of the two optical
glasses borosilicate-crown N-BK7 and dense-flint P-SF69,
that represent two different types of optical glasses, is pre-
sented. Results obtained with USP-DUV-laser radiation are
compared to USP-IR-laser radiation for use in the fabrica-
tion of optical components. The influence of the pulse dura-
tion on the ablation behavior in terms of ablation quality and
ablation efficiency is investigated for both wavelengths.
Therefore, pulse durations of 200 fs and 8 ps are applied for
both, IR laser radiation at 1030 nm and DUV laser radiation
at 257-266 nm.

2. Methods and materials
2.1 Materials

Optical glasses are specified by mainly the two charac-
teristic properties refractive index and dispersion, which can
be given by the Abbe number. In this paper, two glass mate-
rials, each from a different type of optical glasses, are used
for the ablation study. SCHOTT N-BK7® is used, represent-
ing borosilicate-crown glasses, that are characterized by a
relatively low refractive index and low dispersion, i.e. high
Abbe number. The second glass is the dense-flint glass
SCHOTT P-SF69 exhibiting a larger refractive index and a
higher dispersion. The material properties are given in Table
1 by means of the refractive index and Abbe number.
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Table 1 Refractive index and Abbe number of the optical glasses
N-BK?7 and P-SF69 [26].

Glass material
N-BK7
P-SF69

Refractive index [-]
1.52
1.72

Abbe number [-]
64.17
29.23

The transmission spectra of N-BK7 and P-SF69 show
the typical high transparency in the VIS-NIR range and a
drop of the transparency at UV-wavelengths. The transmit-
tance, measured at 10 mm sample thickness [26], for both
glasses is given in Fig 1.
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Fig 1 Internal transmission of SCHOTT N-BK7 ® and SCHOTT
P-SF69, measured at 10 mm sample thickness [26].

The transmittance for the wavelength of 1030 nm is
around 0.999 for N-BK7 and P-SF69. The drop of the trans-
mittance in the (deep-)UV range is shifted to higher wave-
lengths for P-SF69 compared to N-BK7. The transmittance
of a 10 mm tick P-SF69-sample reaches T = 0 at 350 nm,
N-BK7 reaches T = 0.063 at 290 nm wavelength for a sam-
ple thickness of 10 mm. [26] The thicknesses of the polished
samples used for the ablation study are d; = 8§ mm for N-
BK7 and d, = 5 mm for P-SF69.

2.2 Experimental setup

The influence of the pulse duration, exemplary for the
pulse durations 7p; =200 fs and 7, = 8 ps, is investigated
in the DUV range A; = 257-266 nm compared to the IR-
wavelengths A4, = 1030-1064 nm. Therefore, three different
laser systems are used in the study. All laser beam sources
used emit linearly polarized laser radiation.

The experimental setup for the IR-experiments consists
of a tunable USP laser beam source (Carbide, Light Conver-
sion) with a wavelength of 1030 nm and the pulse durations
200 fs and 8 ps are used. Pulses are generated by chirped
pulse compression. Repetition rates of 10-100 kHz are used
during the test series. Two-dimensional processing is per-
formed with a galvanometer scanner (intelliSCAN de 14,
SCANLAB). The laser beam is focused on the sample sur-
face by a f-theta-lens with focal length f; = 80 mm, resulting
in a focal diameter (1/e?) of 2w, ; =25 um. The focal diam-
eter was measured with a CCD camera and was additional
calculated using the Liu-method [27].

For the DUV fs-experiments, the laser radiation from a
USP laser beam source of 1030 nm (Carbide, Light Conver-
sion) is converted to 257 nm by a fourth harmonic module.
The final pulse duration is about 200 fs. Two-dimensional
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processing is achieved by a linear x-y-stage. The repetition
rate is constant at 10 kHz for the DUV-fs test series. Focus-
ing is achieved with an aspheric lens with focal length of
f> = 50 mm resulting in a focal diameter (1/€?) of 2wy, =
10.9 um (calculated with the Liu-method [27]).

DUV ps-experiments are conducted with a fourth har-
monic USP laser beam source (HyperRapid NXT 266, Co-
herent) emitting at 266 nm, resulting from the conversion of
1064 nm. The pulse duration of the laser is transform-limited
to 8 ps and the repetition rate used is 10 kHz. The system is
equipped with a galvanometer scanner (excelliSCAN 14,
SCANLAB) for two-dimensional beam deflection. The fo-
cal diameter (1/e?) after focusing by a f-theta-lens with focal
length f3 = 103 mm is calculated to 2w 3 = 11.5 pm by ap-
plying the Lui-method [27].

2.3 Processing strategy

Process characteristics, including ablation efficiency
(ablation rate per average power [mm?*/min/W]), ablation
depth and surface roughness, are obtained by ablation of sev-
eral square cavities on the glass substrates. The cavities with
an edge length between 0.5 and 1.5 mm are ablated by over-
lapping linear scanning lines with pulse and line overlap of
60 %. The pulse and the line overlap are calculated based on
the 1/e? focal spot diameter. The direction of the scanning
lines is rotated by an angle of 90° between successive layers.
In this paper, the term layer refers to a single scan pass of the
ablated area. The cavities are ablated with N = 5-10 layers,
which is specified in detail in the relevant sections. The in-
fluence of the number of layers and the comparability of re-
sults are analyzed and discussed in section 3.1.

The ablation depth and the ablation roughness are meas-
ured with a laser scanning microscope (LSM) (VK-X3000,
Keyence), that is equipped with 404 nm emitting semicon-
ductor laser as measuring light source. A 50x objective,
which exhibits a lateral resolution of 0.264 um, is used for
the roughness measurements. The three-dimensional surface
roughness Sa is evaluated according to ISO 25178.

In the second part of this study, we utilize a repetition
rate of 10 kHz to isolate the effects of wavelength, pulse du-
ration, pulse overlap, and track distance from accumulative
phenomena such as heat accumulation, plasma shielding,
and particle shielding. This approach allows us to focus on
the fundamental mechanisms underlying the interactions
during laser ablation. However, for the transfer of these find-
ings to industrial applications, it is essential to increase the
repetition rate to >100 kHz, where the aforementioned accu-
mulative effects become more pronounced and must be
taken into account.

3. Results and discussion
3.1 Influence of the number of layers

Process results for glass ablation like, e.g. surface rough-
ness, ablation depth and resulting ablation rate and ablation
efficiency, can be strongly dependent on the number of lay-
ers by which the sample is ablated. Multiple processing strat-
egies including the application of various numbers of layers
can be found in literature, resulting in hardly comparable re-
sults. Ablation efficiencies for fused silica are obtained, e.g.
by ablating “up to 400 layers” [23] or “up to 10 layers™ [28].
To provide an indication of the comparability of the results
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presented in this paper with results from other research, the
influence of the number of layers on the ablation efficiency
and surface roughness are examined. Furthermore, some re-
sults presented in the following are obtained by ablation of
N =5 layers and are compared to the ablation of N = 10 lay-
ers. Therefore, the impact of the differing process strategy
needs to be analyzed.

The ablation efficiency resulting from N-BK7 ablation
in dependence of the number of layers for N < 20 is shown
in Fig 2 for 200 fs and 8 ps, exemplary for a fluence of Fy =
10 J/cm?. Because of the constant pulse overlap at the con-
stant repetition rate of 100 kHz, the scanning speed is also
kept constant. Thus, the course of efficiency as a function of
the number of layers reflects the behavior of the ablation
depth per layer.

08 ¢
07 +
06 £
05 +
04
0.3 V{
02 1
01 4

0

0 5

[o—a—a——*

—a—N-BK7, 1030 nm, 200 fs
N-BK7, 1030 nm, 8 ps

Efficiency[mm?3/min/W]

10 15 20
Number of layersN [-]

Fig 2 Ablation efficiency of N-BK7-ablation at 1030 nm in de-

pendence of the number of layers for 200 fs and 8 ps, exemplary

for a fluence of Fy = 10 J/cm?.
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For both pulse durations, the efficiency drops after abla-
tion of the first layer. Then, the efficiency for subsequent
layers increases tending towards a parameter specific effi-
ciency saturation threshold. A significantly different behav-
ior is observed when comparing the ablation efficiency of
the two pulse durations in the range of N < 6 and N > 6. In
the first five layers, a lower efficiency of the ps-ablation
compared to the fs-pulse duration is observed. For N > 6, the
ps-efficiency exceeds the fs-efficiency due to a steep in-
crease in the ps-efficiency. In general, the dependency of the
ablation efficiency is more pronounced at 8 ps and the satu-
ration regime is assumed to be reached beyond the upper
limit of €43; = 0.70 mm3/min/W at N = 20 that is investi-
gated here. The fs-ablation process is less dependent on the
number of layers. Efficiencies of 0.27 < €4, < 0.46
mm?/min/W are obtained by the ablation with N <20 and a
saturation seems to be reached around N = 20 with €4, =
0.46 mm>/min/W.

The increasing efficiency with the number of ablation
layers for both pulse durations is attributed to the incubation
effect. Due to induced defects from prior pulse tracks, the
absorption is increased resulting in a higher amount of de-
posited pulse energy contributing to the ablation. The initial
drop after the first layer might be caused by debris from the
first ablation layer which has to be removed. In the following
ablation layers the previously mentioned reasons become
dominant. The steeper increase in ablation efficiency for the
8 ps pulse duration is explained as follows:

I. Longer pulse durations lead to lower intensities at
the same fluence and are dominated by Avalanche
Ionization.
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II. Avalanche ionization requires seed electrons which
have to be excited by non-linear absorption mecha-
nisms like multi-photon absorption.

Due to the flat curve of the energy along the time of
one pulse, a reduced absorption threshold would
lead to an earlier generation of free electron density.
This would cause the Avalanche Ionization to start
earlier as well, which leads to increased deposited
pulse energy and increased ablation.

In contrast, short pulses are dominated by multi-
photon absorption where lower absorption thresh-
olds are also beneficial. Nevertheless, their contri-
bution is much smaller than the contribution from
Avalanche Ionization for longer pulses.

The efficiency of P-SF69-ablation is less dependent on
the applied number of layers than the ablation of N-BK7.
Exemplary for two different parameter combinations, a
DUV-ps-process at 8 ps and an IR-fs-process at 200 fs, the
ablation efficiency in dependence of the number of layers is
shown in Fig 3.
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Fig 3 Ablation efficiency of P-SF69 ablation in dependence of the
number of layers for the parameter settings 4; = 1030 nm, 7, =
200 fs, Foq =7 J/em? and A, = 266 nm, T, =8 ps, Fy, = 3.9 J/em?.

In the range of N <20 the efficiency is almost independ-
ent from the number of layers, i.e. the ablation depth per
layer is also constant. The reason for this behavior is inves-
tigated in the later course of this paper.

Overall, an ablation depth per layer, that is independent
of the number of layers applied, is favorable regarding pre-
cise applications like optics manufacturing where form de-
viation is a crucial issue. If the ablation depth is dependent
on the locally applied number of layers, the process needs to
be conducted in the saturation regime. Thus, additional lay-
ers are required that do not directly contribute to the form
generation of the component.

3.2 N-BK?7 ablation at 1030 nm

The ablation results presented in this section are obtained
with a wavelength of 1030 nm, a repetition rate of 100 kHz,
a pulse and line overlap of 60 %, and the sample cavities are
ablated by N = 10 layers. The ablation efficiency as a func-
tion of the fluence is depicted in Fig 4 in dependence on the
pulse duration in the range of 7, = 0.2-8 ps.
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Fig 4 Ablation efficiency of N-BK7 ablation at 1030 nm as a func-
tion of the fluence in dependence on the pulse duration in the range

of 7p = 0.2-8 ps.
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In general, the ablation efficiency increases with increas-
ing fluence for pulse energies larger than the ablation thresh-
old. A maximum efficiency is reached for a certain pulse du-
ration dependent fluence, followed by a reduction of the ef-
ficiency with further increasing fluence. In consistency with
results from literature [23], the well-known behavior of an
increasing maximum ablation efficiency with increasing
pulse duration for the ablation of transparent dielectrics is
observed. The lowest maximum efficiency €,p; mqr = 0.44
mm>/min/W is obtained for T, = 200 fs at a fluence of about
10 J/em?. Following the max. efficiency, a significant drop
of the efficiency is observed with increasing fluence, result-
ing in a low efficiency of €,;; = 0.24 mm3/min/W already at
Fy =17 J/cm? for this pulse duration. The window of a highly
efficient ablation around the max. efficiency is broadened
with increasing pulse duration up to about 1 ps and the de-
cline in efficiency is spread over a wider range of fluences.
The most efficient ablation, regarding the pulse durations in-
vestigated, of €4p; max = 0.64 mm*/min/W, is achieved with
Tp = 8 ps. But the process window between onset of ablation
and decreasing efficiency is relatively narrow compared to
shorter pulse durations.

For analysis of the underlying ablation characteristics
and surface properties in the different ablation regimes, the
ablation rate and the surface morphology are investigated.
The ablation rate, which reflects the ablation depth per layer
due to constant parameter settings, in dependence on the flu-
ence under variation of the pulse duration is shown in Fig 5.
| 45
?f 4.0
N L5 -

——
i

10 15 20 25 W 35
Single pulse peak fluence [J/cm®]
Fig 5 Ablation rate as a function of the fluence for the pulse dura-

tions Tp = 0.2-8 ps for N-BK7 ablation at 1030 nm and 100 kHz.

An approximately linear relationship between ablation
rate and fluence is observed for the higher pulse durations
Tp > 650 fs after the initial start of the ablation. The ablation
rates of shorter pulse durations 200 and 350 fs exhibit a drop
at a certain fluence. This drop is more pronounced for 7p =
200 fs, where the ablation rate decreases from V,;,; = 1.24



mm?min at 12 J/cm? to V,,; = 1.0 mm*¥min at 17 J/em?2.
With increasing pulse duration to tp =350 fs, the drop of the
ablation rate is shifted towards higher fluences and it only
appears as a deviation from the linear relationship at about
25 J/em?. These drops are also observed in the ablation effi-
ciency of these pulse durations (cf. Fig 4). Compared to
longer pulse durations the ablation efficiency drops strongly
at the mentioned fluences instead of a nearly constant behav-
ior of longer pulse durations.

The increase of the ablation efficiency with increasing
pulse duration can be explained by the change of the domi-
nant absorption mechanism from multi-photon absorption
for short pulses to Avalanche lonization for longer pulses.
The free electron density is mostly generated by multi-pho-
ton absorption for short pulse durations [19]. Due to the lin-
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ear absorption behavior of the free electron density, a higher
share of the pulse energy is deposited by means of Avalanche
ionization leading to a more efficient transfer of anergy and
thus to a higher ablation efficiency of the longer pulse dura-
tions.

Besides the ablation efficiency, the resulting surface
quality is a critical parameter for high precision surface ab-
lation processes. In Fig 6, the corresponding surface rough-
ness after ablation with different pulse durations is shown as
a function of the fluence.
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Fig 6 Surface roughness as a function of the fluence for the pulse
durations 7p = 0.2-8 ps after ablation of N-BK7 at 1030 nm and

100 kHz.
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In general, surface roughness is increasing with increas-
ing fluence for all pulse durations. The minimum roughness
for each pulse duration is increasing with the pulse duration
and is in the range of a few 100 um. The minimum surface
roughness of Sa = 0.3 um is achieved with the shortest pulse
duration of 200 fs at Fy = 6 J/cm?. One exception regarding
the continuous increase of the roughness over the fluence is
the 200 fs pulse duration. Corresponding to the drop in the
ablation rate and the efficiency, which occur at Fy =15 J/em?
for 200 fs, a sharp maximum of the surface roughness is lo-
cated at this point. Additionally, a second such increase of
the roughness is indicated for 350 fs at Fy = 35 J/cm?, corre-
sponding to the slight kink in the curves of the ablation rate
and efficiency at the same point. Exemplary for the two ex-
treme pulse durations of 200 fs and 8 ps, the underlying sur-
face morphology is shown in Fig 7.
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Fig 7 Surface morphology of N-BK7 ablation at 200 fs and 1030
nm, 100 kHz: LSM-measurements of exemplary fluences.

The fs-ablation is characterized by a relatively low sur-
face roughness of Sa < 0.37 pm in the low fluence regime
of Fy < 12 J/ecm?. The surface in this regime is homogene-
ously covered by LIPSS (cf. Fig 19 (a)). With further in-
creasing fluence in the range of about 15-17 J/cm?, overmelt-
ing of the LIPSS structures is observed (cf. Fig 8 (b)), result-
ing in the local maximum of the surface roughness, which is
shown in Fig 6. Following, the surface roughness is reduced
to a medium level about Sa = 0.5-0.6 um by increasing the
fluence to about > 17 J/cm?. Apart from the evolution of the
roughness, damage formation is increasingly observed with
increasing fluence. Cracks are clearly visible in the LSM-
images (Fig 7) at the highest fluence of Fy; = 25 J/cm?. But
crack-formation is beginning at lower fluences, as revealed
by the SEM-images (cf. Fig 8 (b)). The exact onset of crack-
formation cannot be stated with certainty, but cracks are in-
creasing with fluence. SEM-analysis using different detec-
tors is indicating slight cracking also in the LIPSS-regime.
In all cases of detected cracks, the progress of the cracks is
linear and the orientation is perpendicular to the orientation
of the scan vectors of the last layer. Linearly polarized laser
radiation is used, but the influence of the scanning direction
is assumed to be decisive. Different orientations of the scan
vectors in the last layer are evaluated, and cracks are always
orientated perpendicular to the scanning direction. Thus, the
scanning direction is the dominant parameter for the direc-
tion of cracks.
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Fig 8 SEM-images of N-BK7 ablation at 200 fs, 100 kHz in the
characteristic process-regimes: (a) LIPSS-structures, (b) high sur-
face roughness due to overmelting structures, (c) severe crack-for-
mation. In these images, the scanning direction and the polarization
of the laser beam are horizontally oriented.

In the ps-process, the evolution of the surface roughness
does not show a local peak but is rather constantly on a high
level of about Sa = 0.7-0.9 pm. The surface morphology is
illustrated by LSM-images in the range of 10-25 J/cm? in Fig
9 and an exemplary SEM-image at F, =25 J/cm? in Fig 10.

L J

T
homogeneous random surface morphology Sa= 0.7-1.6 um

Fig 9 Surface modifications of N-BK7 processed with 8 ps and
1030 nm, 100 kHz: LSM-measurements of exemplary fluences.

The surface after ps-ablation is continuously covered by
a rough structure with molten patterns indicating a thermal
impact. The shape of single overlapping pulses like illus-
trated in Fig 8 (c) for fs-ablation are not visible in the sur-
faces modified by ps-pulses.
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Fig 10 SEM-image
25 J/em?.

of N-BK7 ablation at 8 ps, 100 kHz at Fy =

Furthermore, crack-formation is not observed after ps-
ablation. Only at the upper limit of fluences about 25 J/cm?,
first signs of small randomly orientated cracks are indicated
by SEM-analysis. The damage formation in the fs-process is
attributed to the multi-photon ionization process which is
dominant in this regime. Besides energy deposition near the
surface some energy is deposited in the volume under the
ablation area due to the non-linear absorption. This energy
leads to modification and stress below the surface resulting
in cracks. In comparison, we assume that a major part of
pulse energy is deposited near the surface during the ps-pro-
cess due to the shift towards Avalanche lonization as domi-
nant absorption process. The initial free electrons on the sur-
face absorb a major part of the subsequent photons prevent-
ing an absorption of these photons below the ablation vol-
ume.

3.3 Influence of the wavelength on the ablation behav-
ior of N-BK7

In the following section, the ablation behavior at a wave-
length of 1030 nm is compared to ablation conducted at
DUV-wavelengths of 257 nm at 200 fs and 266 nm at 8 ps.
For one setup, only small repetition rates could be applied.
For comparability, all following results are conducted with a
repetition rate of 10 kHz. In contrast to the ablation charac-
teristics and surface morphologies presented in the previous
section 3.2, it has to be noted that the overmelting structures,
the corresponding drop in the ablation rate and the peak in
the roughness are not present for the ablation at 10 kHz with
N = 10 layers. Thus, these aspects can be attributed to heat
accumulation due to shorter intervals between the pulses.

The influence of the pulse duration on the behavior of N-
BK7 ablation is analyzed contrasting IR- and DUV-
wavelenghts. Exemplary for a low and a high pulse duration,
200 fs and 8 ps are chosen for both wavelengths. In Fig 11,
the ablation efficiency as a function of the fluence is pre-
sented for 200 fs and 8 ps, each for the IR- and DUV-
wavelength.
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Fig 11 Efficiency of N-BK7 ablation contrasting the influence of
the pulse duration of 200 fs vs. 8 ps for ablation with 1030 nm com-
pared to 257-266 nm.

As already found in section 3.2, IR-ablation is strongly
dependent on the pulse duration. Regarding the efficiency,
the maximum ablation efficiency €gp;max 0.55
mm?*min/W of ps-ablation is significantly higher than the
maximum efficiency €,p; max = 0.34 mm*/min/W of fs-abla-
tion. The difference to the results in section 3.2 (cf. Fig 4) is
attributed to the lower repetition rate and thus lower thermal
impact which would cause higher ablation rates and efficien-
cies. The dependence of the ablation efficiency on the pulse
duration for IR is already discussed above (cf. section 3.2).

In contrast, both fs- and ps-ablation with DUV-
wavelength achieve a comparable max. ablation efficiency
of €4p1max = 0.34 mm?*/min/W. The independence of the ef-
ficiency of the pulse energy for DUV ablation is attributed
to a shift from non-linear (for IR) to linear (for DUV) ab-
sorption mechanisms. The higher photon energy of DUV la-
ser radiation is directly absorbed, overcoming the band gap
of the N-BK7 glass and generating a free electron density.

As mentioned in the previous section 3.2, the surface
roughness of IR-ablation is significantly higher for the ps-
process compared to fs-ablation. The evolution of the sur-
face roughness in dependence on the fluence is depicted in
Fig 12 for both wavelengths and pulse durations.

A
E161
w 1.4
012 A
=

£10 1
308 -
E 0.6 -
® 04
5021

0.0+ T
0 5

ples il
1030 nm=
25T nen, 200 s
2000 . 8 pa

200 s

Bpa

t4d

110 1'5 2‘0 2I5 3IU 3I5 4.0 4I5 50
Single pulse peak fluence [J/cm?]
Fig 12 Surface roughness for N-BK7 ablation with 1030 nm and
257-266 nm, each at 200 fs and 8 ps.

Comparing the influence of the pulse duration within one
wavelength, the fs-process is resulting in a lower surface
roughness compared to the ps-process. Furthermore, lower
surface roughness is achieved with DUV, at least when com-
pared to IR within one pulse duration. At the point of max.
efficiency of the DUV-fs-process at about Fy = 4 J/cm?, the
surface roughness is Sa = 0.13 um. The surface morpholo-
gies resulting from DUV-fs- and DUV-ps-ablation are illus-
trated by means of LSM-images in Fig 13.

54

(@) 200 fs

11,3 Jon?

Fig 13 Surface morphology of N-BK7 ablation with (a) 200 fs at
257 nm and (b) 8 ps at 266 nm: LSM-measurements of exemplary
fluences.

By only visual evaluation, no difference between the ab-
lation mechanisms can be observed, but especially at the
high fluences (bottom row in Fig 13) an increased surface
roughness of ps-ablation is implied.

It should be noted at this point that three test series (IR-
fs, IR-ps and DUV-ps) are conducted with N = 10 layers, but
the DUV-fs-experiments are performed with N = 5 layers.
As mentioned in section 3.1 (cf. Fig 2), the influence of the
number of layers on the ablation depth is dependent on the
laser parameters. To assess the influence of the number of
layers for DUV-fs-ablation, the efficiency and the surface
roughness are evaluated in dependence on the number of
layers for N = 1-11 for two exemplary fluences. For
6.7 J/cm?, around the point of max. efficiency, the efficiency
is found to be independent from the number of layers for N
> 5. For the higher fluence of 15.3 J/cm? investigated, the
efficiency is slightly increasing between N = 5 and N = 10.
Therefore, the max. efficiency shown in Fig 11 is assumed
to be comparable between the different processes, but the
progression of the DUV-fs-graph could be slightly altered
using N = 10 layers.

3.4 P-SF69 IR-ablation

All experiments regarding P-SF69 ablation are con-
ducted with a constant repetition rate of 10 kHz, a line and
pulse overlap of 60 % and N = 5 layers. Ablation of the
dense-flint glass P-SF69 with reasonable ablation rates is
very challenging. The ablation mechanism in IR is strongly
dependent on the pulse duration. The huge difference in the
efficiencies comparing the ablation with 200 fs and 8 ps is
illustrated in Fig 14 using a logarithmic scale of the y-axis.
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Fig 14 Efficiency of P-SF69-ablation with 1030 nm as a function
of the fluence comparing the pulse durations 200 fs and 8 ps.

Compared to other glasses like N-BK7, the efficiency of
fs-ablation of P-SF69 with a maximum of €,; max = 0.13
mm?*/min/W is very low. The ps-process in contrast, exhibits
an extremely high ablation efficiency of about €, pqx > 2.5
mm?*/ min/W. Considering the surface roughness after abla-
tion, a similar behavior in accordance with the ablation effi-
ciency is observed, cf. Fig 15.
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Fig 15 Surface roughness of P-SF69-ablation with 1030 nm at
200 fs and 8 ps.

Ablation with fs-pulses is resulting in a very low surface
roughness of down to Sa = 55 nm at Fy = 4.5 J/cm?, which
is unusually low for common glass ablation. The samples are
nearly optically transparent after ablation. The difference be-
tween the fs- and the ps-process in contrast is huge, with a
roughness of up to Sa = 5 pm after ps-ablation for fluences
in the range of F, = 5-7 J/cm?2. Values of the surface rough-
ness and the efficiency shown for IR-ps-ablation of P-SF69
are based on a coarse ablation, that is hardly controllable and
should therefore be considered as a rough indication prone
to variances.

The very small surface roughness after fs-ablation is re-
sulting from a melt-based ablation process, indicating a ther-
mal ablation mechanism. Due to a small ablation depth per
layer, which is about Az = 54 nm at F; = 3.0 J/cm? increas-
ing to about Az =1 um at Fy = 17.5 J/em?, precision in depth
is enabled but the ablation efficiency of up to 0.13
mm?*/min/W is very low. A potential explanation might be
given by the presence of heavy atoms like lead in the glass
material. Further analysis needs to be conducted to evaluate
if a stoichiometric ablation is performed or if the heavier el-
ements will mostly remain heated on the glass surfaces lead-
ing to melt.

The surface morphology of fs-ablated P-SF69 is illus-
trated in Fig 16.
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Fig 16 Surface morphology of P-SF69-ablation with 200 fs and
1030 nm at 10 kHz: LSM-measurements of exemplary fluences.

Already beginning at low fluences (cf, Fig 16 (a), F; =4
J/cm?), at the onset of ablation, crack-formation is observed.
Crack-formation is intensified with increasing fluence re-
sulting in a severely fragmentated surface at high fluences
of about Fy > 15 J/cm? Due to severe crack-formation,
speed-up of the process by increasing the repetition rate is
limited. The results presented are achieved with only a low
repetition rate of 10 kHz. In combination with a low ablation
depth per layer, the resulting process speed is < 0.1 mm?*/min.
Increasing the process speed and efficiency is possible by
increasing the pulse duration to 8 ps, but the ablation mech-
anism is shifted to a coarse, uncontrolled photomechanical
ablation. The ablation behavior at 8 ps is illustrated in Fig
17.

3.5 Jdcn? -

4.0-4.5Jem?

(c) coarse ablation

(b) fine ablation,

crackformation
Fig 17 Surface morphology of P-SF69-ablation at 8 ps and 1030
nm with 10 kHz: LSM-measurements of (a) first modifications at
Fy=3.5 J/cm?, (b) small process window of fine ablation at F =
4.0-4.5 J/cm?, (c) coarse ablation for Fy > 5 J/cm?.

(@) no ablation

At Fy = 3.5 J/cm?, first modifications on the surface are
visible. Fine ablation with Sa =~ 0.1 um is detectable in the
narrow range of about F, = 4.0-4.5 J/cm?, but it is also ac-
companied by crack-formation. A small increase of the flu-
ence to Fy = 5.0 J/em? leads to a highly rough surface with
Sa =5 um, resulting from coarse, deep ablation. At this point,
the ablation depth per layer amounts to Az = 4.7 um and the
efficiency is €,; > 1.9 mm*/min/W. Regarding the two
pulse durations investigated, IR-ablation is not well suitable
for precise and efficient ablation. The very precise fs-abla-
tion with very low surface roughness due to a thermal melt-
based ablation is coming along with crack-formation starting
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already at the beginning of the process window. A scaling of
the process speed is limited by the repetition rate, as cracks
are generated already at 10 kHz. The ps-ablation in contrast
is a very coarse, deep, photo-mechanical ablation process,
that is hardly controllable.

The notable difference between the ablation behavior of
N-BK7 and P-SF69 is assumed to be based on the different
chemical compositions of both glasses. The dense-flint glass
P-SF69 exhibits a high density and is lead-containing. P-
SF69 is a low-Tg-glass, i.e. having a low glass transition
temperature, and therefore is also suitable for precision
molding. The influence of the glass composition and the ef-
fect of heavy metal oxides on the ablation behavior need fur-
ther investigation. Time-resolved in-situ analysis of the ex-
citation during the ablation process could provide a more de-
tailed understanding.

3.5 Influence of the wavelength on the ablation behav-
ior of P-SF69

In the following, DUV-ablation of P-SF69 is investi-
gated regarding the drawbacks of IR-ablation mentioned
above. The ablation efficiency of DUV-ablation in compari-
son to [R-ablation is contrasted in Fig 18 for 200 fs and 8 ps.
The repetition rate is kept constant at 10 kHz and ablation is
conducted with N =5 layers.
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Fig 18 Efficiency of P-SF69 ablation contrasting the influence of
the pulse duration (200 fs and 8 ps) on the ablation behavior using
1030 nm compared to 257-266 nm.

To keep the graphs legible, the scale of the y-axis is cho-
sen neglecting the high efficiency beyond €4, > 2.5
mm?*/min/W already at F; = 7 J/cm? of IR-ps-ablation (cf.
Fig 14). Obviously, the efficiency of DUV-ablation is below
the coarse ablation with IR at ps-pulse duration, but signifi-
cantly higher than IR-fs-ablation. The maximum efficiencies
are €gp; max = 0.35 mm*/min/W for fs-ablation at 257 nm
and €41 max = 0.28 mm*/min/W for ps-ablation at 266 nm.
With this slightly higher efficiency of the fs-process com-
pared to ps-ablation, the DUV-results of P-SF69-ablation are
in the order of magnitude like DUV-ablation of N-BK7 with
€apimax = 0.34 mm*/min/W (cf. section 3.3). Furthermore,
the two efficiency graphs of DU V-ablation of P-SF69 exhibit
a similar progression indicating a similar ablation behavior.

The surface roughness as another indication for the ab-
lation mechanism is analyzed. The influence of the pulse du-
ration on the surface roughness of P-SF69-ablation is shown
in Fig 19, contrasting IR- and DUV-wavelengths.
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Fig 19 Surface roughness of P-SF69-ablation with 1030 nm and
257-266 nm, each at 200 fs and 8 ps.

A very low surface roughness is achieved for all pro-
cesses except IR-ps-ablation. The huge difference between
the roughness of fs- and ps-ablation in IR is explained by
two different ablation mechanisms, namely thermal melt-
based fs-ablation in contrast to a coarse photomechanical ab-
lation with the ps-pulse duration. The low surface roughness
during the ablation process is one explanation for the inde-
pendence of the ablation depth from the number of ablation
layers, as shown in section 3.1 (cf. Fig 3). Surface roughness
and (sub-)surface defects are two factors influencing the ab-
sorptivity. Thus, the incubation effect is less pronounced for
the ablation of P-SF69 ablation compared to N-BK7.

Considering DUV-ablation, the roughness is in the same
order of magnitude as IR-fs-ablation with a very low rough-
ness of Sa =46 nm, achieved at the point of max. efficiency
with DUV-fs-ablation. Thus, a highly efficient ablation is
possible with DUV-fs ablation, simultaneously with a very
low surface roughness. The ablation depth per layer at this
point is about Az = 260 nm.

The surface morphology after DUV-ablation with both
pulse durations 200 fs and 8 ps is contrasted in Fig 20.
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Fig 20 Surface morphology of P-SF69 ablation with (a) 200 fs at
257 nm and (b) 8 ps at 266 nm: LSM-measurements of exemplary
fluences.
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Visually evaluated, the surfaces of both processes show
molten structures causing the comparable low surface
roughness. Thus, the ablation mechanism is thermal and
melt-based for both pulse durations and is assumed to be in-
dependent of the pulse duration in the USP-DUV-range.
Crack-formation, that is clearly visible already for low flu-
ences about 4 J/cm? on the fs-ablated surfaces in IR, is not
obviously detectable after DUV-ablation with moderate flu-
ences. Crack-formation is also observed for DUV-fs-
ablation at very high fluences of about 25.7 J/em? (cf. Fig 20
(a), bottom).

4. Conclusion

The influence of the pulse duration in the fs-ps-range in
two wavelength-regimes, namely IR at 1030 nm and DUV
at 257-266 nm, on the ablation of optical glasses is investi-
gated. The borosilicate-crown glass N-BK7 and the dense-
flint glass P-SF69 are used representing two different types
of optical glasses. Ablation and modification characteristics
are evaluated based on ablation efficiency and surface
roughness and are illustrated by means of the surface mor-
phology. The applicability of different parameter combina-
tions of pulse duration and wavelength regarding the re-
quirements of precise optics manufacturing is investigated.

The ablation process at 1030 nm of the widely used op-
tical glass N-BK?7 is strongly dependent on the pulse dura-
tion. Ablation efficiency and ablation depth are significantly
higher using ps-pulse durations compared to fs-pulses, ac-
companied by a higher surface roughness of ps-ablation. The
maximum efficiency is €,p; max = 0.55 mm*/min/W for ps-
ablation respectively €,p; max = 0.34 mm>*/min/W for fs-ab-
lation. This behavior is attributed to the avalanche ionization
dominated absorption mechanism of the ps-process. The
minimum surface roughness is about Sa = 0.30 um for fs-
ablation and Sa = 0.83 pum for ps-ablation showing a typical
roughness and morphology of USP-modified glass surfaces.

DUV-ablation of N-BK7 in contrast is less dependent on
the pulse duration than IR-ablation. An efficiency of about
€apimax = 0.34 mm*/min/W is obtained for both pulse dura-
tions 200 fs and 8 ps with comparable fluences. Thus, the
ablation depth is independent from the pulse duration in
DUV, which is attributed to the dominating linear absorption
mechanisms for both pulse durations. The lowest surface
roughness is achieved with DUV-fs-ablation. The DUV-ps-
process is also resulting in a lower roughness compared to
IR-ablation. The surface roughness of DUV-fs-ablation is
continuously increasing with increasing fluence. An exem-
plary surface roughness is Sa = 0.13 um at the point of max.
efficiency at Fy =4 J/cm?.

The ablation behavior of P-SF69 strongly differs from
N-BK7 ablation and other commonly known glass materials
like fused silica or soda-lime glass. IR-ablation with 200 fs
shows a significant thermal impact resulting in a melt-based
ablation with a very low surface roughness of down to Sa =
55 nm. Nevertheless, damage formation in form of cracks
seeded under the surface due to energy deposition in the vol-
ume hinder the potential of this regime for optics manufac-
turing. IR-ps-ablation in contrast is an extremely coarse, un-
controlled deep ablation with ablation depth of several pm,
resulting in a highly efficient ablation with €., >
2.5 mm?/min/W, but also a highly rough surface of up to Sa
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=5 um. In contrast to fs-ablation, the coarse, deep ps-abla-
tion is indicating a photomechanical ablation mechanism.

Using DUV-wavelengths, the mechanism of P-SF69-
ablation is for both 200 fs and 8 ps pulse durations thermal
and melt-based, resulting in smooth surfaces in both cases.
A low surface roughness of Sa = 46 nm is achieved at the
point of max. efficiency with Fy; = 1.65 J/em? and 200 fs
pulse duration. The maximum efficiencies are €gp; max =
0.35 mm*/min/W for fs-ablation at 257 nm and €,p; max =
0.28 mm?*/min/W for ps-ablation at 266 nm, which is signif-
icantly higher than the low ablation efficiency of €, max =
0.13 mm?*/ min/W of IR-fs-ablation.

All results are obtained with industrial USP laser beam
sources. On the one hand, an established USP IR-laser is
used, on the other hand, DUV-wavelength is generated by
commercially available fourth harmonic generation originat-
ing from an IR-source. To ensure comparability of the dif-
ferent laser parameter combinations and to investigate the
fundamental mechanisms by avoiding accumulative pro-
cesses, all experiments (except section 3.2) are conducted
using a repetition rate of 10 kHz. It is important to note that
10 kHz is below typical industrial standards, where repeti-
tion rates of >100 kHz are generally employed. At higher
repetition rates, factors such as heat accumulation, as well as
plasma and particle shielding, become significant. These el-
ements will be the focus of future research, which will build
upon the insights gained from the current study, enabling a
clear distinction between the influences of accumulative ef-
fects and the fundamental mechanisms that have been eluci-
dated here.

A further topic currently under investigation is the effect
of DUV-wavelengths on the scalability, i.e. particularly the
formation of cracks. Regarding efficient optics manufactur-
ing, targets of the ablation process are on the one hand a high
process speed and high precision on the other hand. Hence,
the goal is a possibly low ablation depth per layer to achieve
precision in depth. Consequently, the scalable parameter for
the ablation rate is the repetition rate, correlating with the
scanning speed. Apparent crack-formation is observed for
IR-fs-ablation of N-BK7 with 100 kHz. P-SF69 ablation is
prone to crack-formation, which already occurs at 10 kHz
and low fluences for IR-fs-ablation. Visually evaluated,
Crack-formation with DUV at 10 kHz was only detectable
at the upper limit of fluences applied and seems to be re-
duced especially for P-SF69 ablation. The applicability of
higher repetition rates > 10 kHz with DUV-wavelengths is
still under investigation.
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