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ABSTRACT

Perforation of lithium-ion battery electrodes has recently become an increasing interest in science and industry. Perforated electrodes have
shown improved electrochemical properties compared to conventional, nonperforated electrodes. It has been demonstrated that through
perforation, the fast-charging capability and the lifetime of these batteries can be significantly improved. The electrodes for lithium-ion bat-
teries consist of a copper foil onto which the electrode material is applied as a porous layer. This layer is mainly composed of active material
particles, which are bound together by a binder phase. Here, synthetic graphite was used as an active material. Up to now, it has been
shown that an advantageous and precise perforation geometry can be produced by ultrashort laser pulse ablation. Since the ablation
volumes during perforation of the porous electrode material with ultrashort laser pulses are unusually high compared to solids, this work
investigates the parameter dependency on the ablation mechanisms in detail. For this purpose, in particular, single-pulse ablation was inves-
tigated with respect to the ablation thresholds at different pulse durations. The pulse durations were varied over a large range from 400 fs to
20 ps. By varying the number of pulses per perforation up to 50 and the single-pulse energy up to 45 μJ, it could be shown that a homoge-
neous ablation down to the conductor foil through the 63 μm thick active material layer can be achieved.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.2351/7.0000757

INTRODUCTION

In order to increase the energy and power density of
lithium-ion batteries, research is focusing not only on adapting the
cell chemistry but also on the microstructure. A wide range of pro-
cesses are available for modifying this microstructure. Above all,
laser-based processes offer good possibilities for introducing micro-
structures onto the surface. Microstructural changes in the form
of 3D structures,1 trenches,2,3 or holes4,5 have shown significant
improvements in the performance of the electrodes.

The laser process increases the surface area and creates trans-
port channels for lithium ions inside the anode.6 Ionic diffusion
pathways inside the active material are, therefore, significantly
accelerated.7 Different simulative and experimental studies showed
reduced overpotentials during charging with high currents, leading
to enhanced cell capacity retention.2,5,7 Habedank et al. showed a
reduction of metallic lithium deposition at the anode surface,
which causes the capacity loss during fast charging.8 Observed
improvements were, therefore, demonstrated in terms of lifetime as

Journal of
Laser Applications ARTICLE scitation.org/journal/jla

J. Laser Appl. 34, 042003 (2022); doi: 10.2351/7.0000757 34, 042003-1

© Author(s) 2022

https://doi.org/10.2351/7.0000757
https://doi.org/10.2351/7.0000757
https://www.scitation.org/action/showCitFormats?type=show&doi=10.2351/7.0000757
http://crossmark.crossref.org/dialog/?doi=10.2351/7.0000757&domain=pdf&date_stamp=2022-09-09
http://orcid.org/0000-0003-2747-1972
http://orcid.org/0000-0001-9075-9085
http://orcid.org/0000-0001-7318-673X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2351/7.0000757
https://lia.scitation.org/journal/jla


well as increased charging and discharging speed.5 Moreover,
Pfleging et al. observed enhanced electrolyte wettability for perfo-
rated anodes due to capillary forces.9 In addition to these versatile
investigations on the effects of surface modifications on electrodes,
the following study focuses on the manufacturing process of laser-
perforated electrodes. In our case, the hole shape is defined by cra-
terlike holes. This means that the hole is only perforated through
the active material layer. The underlying copper foil should not be
damaged. Since the active material particles of an electrode are
often thermally sensitive materials, an ultrashort pulse laser with
femtoseconds and picoseconds was used. Further advantages of the
application of ultrashort pulsed lasers are the high precision and
the possibility to produce fine structures.10,11 In the present study,
the laser process for the perforation of commercially used graphite-
based electrodes and, especially, the process parameters are to be
investigated.

EXPERIMENTAL SETUP

Electrode material

For this study, a standard graphite anode was used as the
sample material. Graphite anodes are currently the most common
types of anodes on the market and offer advantages such as good
theoretical specific capacity. The anode layer consists of a compo-
sition of 94 wt. % graphite (SGL Carbon GmbH, synthetic graph-
ite, particle size distribution D10 = 6.8 μm, D50 = 18.4 μm,
D90 = 42.9 μm), 2 wt. % carbon black (Imerys, C-Nergy Super
C65), 2 wt. % CMC (sodium carboxymethylcellulose; Nippon,
Sunrose MAC 500LC), and 2 wt. % SBR (styrene–butadiene rubber;
Zeon, BM-451B). Here, graphite acts as the active material. Carbon
black, CMC, and SBR provide the binder phase in this case. With
the help of the binder material CMC and SBR, the powdered active
material is coated on a 10 μm thick copper foil. To prepare the elec-
trode, an electrode slurry with a solid content (graphite, CMC, SBR,
and carbon black) of 48 wt. % was dissolved in water and applied to
the copper foil by doctor blade coating. After coating, the electrode
has a capacity of 3.3mAh/cm2. In the next step, the electrode is

dried and calendered. Thereafter, the electrode has a layer thickness
of the active material layer of 68 μm, which corresponds to a layer
density of 1.4 g/cm3.

Laser system

The laser processing was conducted using a TruMicro 2000
ultrashort pulse laser from TRUMPF. The laser system operates at a
wavelength of 1030 nm. Scanner optics were used to precisely posi-
tion the laser focus on the surface. An optical focusing system with a
focal length of 160mm focused the beam to a diameter of about
45 μm on the surface. In order to obtain a uniformly flat surface, the
foil-like samples were fixed with the use of a vacuum plate. For anal-
ysis of the influence of pulse duration, the process was performed
with pulse durations from 0.4 to 20 ps. Furthermore, the peak
fluence was varied in a range from 0.72 to 6.49 J/cm2. For each
parameter, a field of 3 × 3mm2 was processed with holes that have a
hole-to-hole distance of 100 μm and are arranged in a checkerboard
shape. To analyze the influence of pulses per hole, 2–50 pulses per
hole were used for each parameter combination. To avoid interaction
between multiple pulses on one hole, hole fields were processed
sequentially by multipass processing. This means that all holes were
always perforated with one pulse before another pulse was applied.

Analysis of the ablation depth

The analysis of the ablation depth was carried out using a white
light interferometer (WLI) NewView 8300 from the company Zygo.
For this purpose, an area of 750 × 750 μm was measured in order to
be able to analyze 49 hole geometries. The recorded measurement
data were further analyzed by MATLAB to achieve a high throughput
analysis. As shown in Fig. 1, a depth histogram was created from the
measurement data. Using this histogram, the average surface area
was determined at the upper maximum, as shown on the right lower
part of Fig. 1. The bottom of the hole was then analyzed using
the lowest maximum at the lower end of the histogram. To verify the
procedure, comparative measurements were carried out using white
light interferometer software MX

TM.

FIG. 1. Exemplary analysis of the hole
depth by the 3D-WLI image (upper)
and using a histogram of the depth dis-
tribution (lower).
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Furthermore, surface images of the perforated fields were
taken with a ZEISS Sigma 300VP scanning electron microscope.
These surface images can be used to analyze visible changes in the
processing field even below the measurable removal threshold.

Another difficulty, especially for processing with low fluences,
can be seen in the surface roughness. White light interferometer
measurements of the unmachined samples showed a maximum
surface roughness Sz of about 12 μm. Since the roughness must be
exceeded for a robust analysis of the ablation depth, even consider-
ing the SEM images, the measurement results of all pulse durations
at 0.77 J/cm2 with 2, 5, 10, 20, and 50 pulses as well as at 1.08 J/cm2

with 2, 5, and 10 pulses were, therefore, ignored in the analysis.
The ablation depth analysis for the above parameter constellations
all showed no evaluable perforation depths, which were in the mag-
nitude of the roughness.

RESULTS AND DISCUSSION

Ablation threshold

As already mentioned above, the well-visible ablation (in the
SEM images) starts at a fluence of about 2 J/cm2. In lower fluence
regimes, ablation can be suspected on the top view images, but this
ablation is not detectable in the measurements or is smaller than
the surface roughness. In Fig. 2, the SEM top view images at 1 ps
are shown. Here, it is clearly visible that ablation is already starting
to become visible at 1.44 J/cm2 and 50 pulses per hole. The transi-
tion between visible ablation and nonvisible ablation shifts toward
higher fluence regimes at lower pulse numbers per hole. This effect
is also observed in the WLI depth measurements.

However, it is also possible that ablation is already taking
place in the lower fluence regime, but is too small for depth mea-
surements and is thus below the roughness limit of approximately
12 μm of the unmachined surface. Since the analysis of the ablation
in this area is not possible without errors, no clear statement can
be made about the threshold fluence. Shirk et al. give a threshold
fluence for graphite of 0.25 J/cm2.12 This threshold is below the
fluence regime investigated in this study.

From the fluence of 2 J/cm2 on, a measurable ablation begins,
which is shown in Fig. 3 for a pulse duration of 1 ps and for five
and 20 pulses per hole. It can be seen that for approximately
1 J/cm2 the measured depth is still in the range of the surface
roughness. From the mentioned 2 J/cm2 also the difference between
five and 20 pulses is clearly visible. Actually, it would be expected
that the ablation at 20 pulses is significantly higher than that of five
pulses. The slope of the two progressions differs slightly, with the
gradient being a bit higher for 20 pulses per hole. However, both
progressions show a nearly linear progression up to a fluence of
5 J/cm2. From this fluence on, the ablation with 20 pulses is
increasing disproportionately compared to the progression with
five pulses. The ablation increases here up to 66 μm, which corre-
sponds approximately to the coating thickness. Since this behavior
is observed for all investigated pulse durations, an effect of smaller
active material particles in this range can be excluded, and the
increase in the ablation depth must be due to the high fluence of
6.49 J/cm2.

FIG. 2. SEM—top view picture of
perforated electrodes with tH = 1 ps.

FIG. 3. Ablation depth for five and 20 pulses per hole at tH = 1 ps.
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Influence of number of pulses and fluence

The influence of the number of pulses was analyzed on the
basis of three fluences. The measurement results for the hole depth
are shown in Fig. 4. All three fluences shown here were selected
since a depth measurement could be carried out with all numbers
of pulses per hole. At the beginning with two pulses per hole, the
measurement points are still very close to each other. All three
curves show a linear increase in the beginning in which there is a
linear correlation between the number of pulses and the hole
depth. In the further progression, a tipping point can be seen in all
three curves. This occurs for the two lower fluences in the range of
10–20 pulses per hole. After this tipping point, the course flattens
out and the depth, however, seems to decrease again. In addition to
the results shown here at tH = 1 ps, this behavior is also visible for
all other pulse durations that were analyzed. The fact that the abla-
tion depth approaches a limit value can be explained by the
enlarged focal area of the pulse. Since the intensity distribution
within the focus is Gaussian, a larger volume is ablated in the
center of the pulse than in the outer area of the pulse. This results
in a cone-shaped and downward tapering cavity. When a second or
subsequent pulse now arrives, the pulse will no longer arrive on a flat
or slightly rough surface but on the cone described above, which was
created by the previous pulse. Each additional incoming pulse
enlarges this cone in depth and diameter, whereby the contact
surface for the successive pulse thus increases significantly.13 A cons-
tant pulse energy and an increasing area in the hole result in a
decreasing fluence. At a certain point, the incident fluence is, there-
fore, no longer sufficient to enable material removal→ the threshold
fluence is no longer passed. From this point on, the hole cannot be
drilled any deeper by increasing the number of pulses, and an equi-
librium depth is reached, which is the case at fluences of 3.60 and
5.05 J/cm2 in the range of 10–20 pulses.

At a fluence of 6.49 J/cm2, the progression shows a significantly
higher gradient. Due to the increased fluence, a greater depth is
reached per pulse. In addition, the depth continues to increase up to
20 pulses. The tipping point in the curve thus shifts slightly to the

right to higher pulse numbers. However, the hole depth increases to
over 65 μm, which corresponds approximately to the layer thickness.
A hole depth of 66.14 μm is already reached with 20 pulses. This
means that the active material layer is already completely perforated
at this point. Further pulses, subsequently, ablate the copper foil,
thus the hole depth increases further. Nevertheless, the removal of
copper is significantly slower than for the multimaterial investigated
here, which describes the flattening of the course.

The results shown in Fig. 4 illustrate not only the influence of
the number of pulses, but also the significant influence of the
fluence upon the hole depth. For example, to achieve a hole depth
of more than 40 μm, it is not sufficient in this case to increase the
number of pulses. Even when using 50 pulses, this depth cannot be
achieved at a fluence of <5.05 J/cm2. In contrast, by increasing the
fluence to 6.49 J/cm2, this depth can already be achieved with 10
pulses. This means that, in terms of productivity and process
speed, the fluence parameter is preferable to the number of pulses.
However, it must also be mentioned here that increasing the
fluence is not the only way to achieve a target depth. As can be
seen in Fig. 4, there is no measurable difference in the depths of
the present fluences with only two pulses. The differences become
apparent within a few pulses where the fluence has a significant
influence. As mentioned above, the data shown in Fig. 4 are repre-
sentative of the other pulse durations investigated.

Dependency of the hole depth on the pulse duration

For ablation of metals or graphite, a clear dependence between
ablation threshold and pulse duration is found in the literature.12,14

It is shown that for metals, a short pulse duration has the lowest
threshold fluence. By increasing the pulse duration, a slight increase
in the threshold fluence occur. This behavior is not evident in the
present study. For this purpose, perforated samples with a pulse
duration of tH = 1 ps, 10 pulses per hole, and three fluences were
investigated. The fluences used were 2.16, 3.60, and 5.05 J/cm2.
These fluences were selected from the middle fluence range since

FIG. 4. Ablation depth over the number of pulses for 3.60, 5.05, and 6.49 J/cm2

at 1 ps.
FIG. 5. Ablation depth over pulse duration for different fluence, 10 pulses per
hole.
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there is already a consistent ablation of material, but the layer is
not ablated in its entirety. In addition, 10 pulses per hole were
selected for the analysis because, as already described above, this
area is still in the linearly increasing range. This excludes the possi-
bility of additional effects influencing the results due to a high
number of pulses without significant material removal.

On the basis of the results shown in Fig. 5, no significant
influence on the pulse duration can be identified. The measured
values of the ablation depth for 10 pulses per hole per fluence are
in a similar range. From the graph, however, the large influence of
the fluence can be seen again, which clearly exceeds the influence
of the pulse duration in addition to the number of pulses.

CONCLUSION

In the present study, investigations were carried out on the
perforation of graphite anodes. An ultrashort pulse laser with a
wavelength of 1030 nm and a flexible pulse duration of 0.4–20 ps
was used. The following parameters were analyzed: number of
pulses, fluence, and pulse duration.

- For moderate fluences of <5 J/cm2 and a low number of pulses,
the depth of the hole can be linearly increased by increasing the
number of pulses per hole. From 10 pulses per hole, an asymp-
totic progression of the depth is observed.

- At high fluences of >5 J/cm2, the ablation depth continues to
increase even after 10 pulses per hole. However, at this fluence
range, the ground substrate can also be damaged by further pulses.

- No significant influence of pulse duration for perforating graphite
electrodes was detected.

- The parameter fluence has a higher influence on the ablation
depth than the number of pulses.

- At high fluence, the entire layer can be perforated with just a few
pulses. In our case, 20 pulses at a fluence of 6.49 J/cm2 were
sufficient.
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