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We report on high-quality high-throughput laser milling
of silicon with a sub-ps laser delivering more than 1 kW
of average laser power on the workpiece. In order to avoid
heat accumulation effects, the processing strategy for high-
quality laser milling was adapted to the available average
power by using five-pulse bursts, a large beam diameter
of 372 µm to limit the peak fluence per pulse to approxi-
mately 0.7 J/cm2, and a high feed rate of 24 m/s. As a result,
smooth surfaces with a low roughness of Sa ≤ 0.6 µm were
achieved up to the investigated milling depth of 313 µm
while maintaining a high material removal rate of
230 mm3/min. © 2021 Optical Society of America under
the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OL.411412

Laser processing with ultrafast lasers is a significantly growing
field that offers high flexibility for advanced materials processing
[1]. Recently, laser milling of silicon has gained widespread
attention for applications such as dry etching of micro-electro-
mechanical systems (MEMS) [2] and manufacturing of optics
for THz radiation [3,4]. Most applications require high surface
quality with a low roughness of Sa < 1 µm and the absence of
surface defects, e.g., to achieve low scattering and hence high
transmission in optics for THz radiation [5].

The surface quality obtained from laser milling of silicon
with ultrashort laser pulses depends on various processing
parameters. The applied fluence defines the resulting surface
morphology on silicon, which can range from wavelength-
sized laser-induced periodic surface structures (LIPSS) for low
fluences to several micrometer large cones [6,7] and holes [8]
as well as nanoscale solidification cracks on the silicon sur-
face [9] for high fluences with single pulses. For equal fluence,
pulse bursts can lead to smoother surfaces without holes in
comparison to single pulses [8]. The surface morphology is
also affected by the ambient environment. For instance, the
formation of sharp spikes can be reduced using vacuum, N2 or
He [6]. Another processing parameter affecting the resulting
surface morphology is the feed rate. With decreasing feed rate,
a transition from a smooth reflecting surface to a bumpy dark

surface was observed for processed metal surfaces [10]. The
bumpy surface at lower feed rates is caused by higher surface
temperatures due to heat accumulation of consecutive pulses
[10,11]. Multiple passes over the processing area increase the
milled depth, but also result in a coarser surface morphology [7],
which typically corresponds to higher surface roughness values
[4,7,8,10].

In addition to high surface quality, a high ablation efficiency
is desired in order to achieve the maximum throughput with the
available laser power. For laser milling, the ablation efficiency is
often defined as the energy-specific volume, and the throughput
is defined as the material removal rate. As shown in [8,12], pulse
bursts can significantly increase the energy-specific volume of
laser milling of silicon. The maximum attainable efficiency
increases with increasing number of pulses per burst; however,
it is accompanied by an increase in the surface roughness [12].
A trade-off for high-quality and high-efficiency silicon laser
milling is to use five to eight pulses in burst in combination with
a fluence at or slightly below the optimum fluence of maximum
energy-specific volume. A roughness of Sa = 0.5 µm and an
energy-specific volume of 1VE = 4.1 µm3/µJ were achieved
with a five-pulse burst and a peak fluence per pulse of 1.5 J/cm2

as reported in [8]. According to [12], eight pulses per burst
and a peak fluence of 0.7 J/cm2 per pulse resulted in a simi-
lar roughness of Sa = 0.6 µm, but with a significantly higher
energy-specific volume of 1VE = 4.9 µm3/µJ. However,
the throughput was rather low, with material removal rates of
1Vt = 0.52 mm3/min and 1Vt = 0.23 mm3/min, due to
the low average laser power of 2.1 W and 0.9 W, respectively.
Higher material removal rates of up to 1Vt = 20 mm3/min
have been demonstrated for silicon laser milling with up to
50 W of average laser power, but without further characterizing
the surface roughness [13]. In the past, the average laser power
limited the achievable throughput of ultrafast laser processes.
With the upscaling of ultrafast lasers to powers exceeding 1 kW,
high throughput has been made possible in many applications
[14], such as multi-pass cutting of carbon fiber-reinforced
plastics (CFRP) [15], surface functionalization of steel [16], or
single-pass cleaving of glass [17].
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Here, we report on high-quality high-throughput laser
milling of silicon with a sub-ps laser with more than 1 kW of
average power, which—to the best of our knowledge—is the
first demonstration of material processing with sub-ps laser
pulses at this power level.

A home-built ultrafast laser emitting pulses at a wavelength of
λ= 1030 nm with a pulse duration of τ < 600 fs was used for
the experiments and is presented in detail in [18]. The ultrafast
laser delivered a maximum average power of P = 1110 W with
a beam quality factor of M2 < 1.5. The linearly polarized laser
beam was guided into a processing station (Lasea, LS 5-1) for the
material processing experiments. The focusing optic (Scanlab,
varioSCANde 40i) with a focal length of 580 mm was mounted
to the galvanometer scanner (Scanlab, intelliSCANde 30) used
for beam deflection. The transmission of the optics within the
processing station was measured to be 91%, which results in a
maximum average power of P = 1010 W on the workpiece.
The laser was operated at a repetition rate of fb = 500 kHz, cor-
responding to a maximum available total burst energy of Eb =

2020 µJ. In all experiments presented here, the burst energy was
divided evenly over five pulses within the burst (5 PPB). The
temporal intraburst pulse distance was 22.7 ns. The focal diam-
eter was measured to be d0 = 90± 5 µm with the technique
presented in [19]. The maximum available feed rate was vs =

24 m/s, limited by the dynamics of the galvanometer scanner.
The processed samples were single, side-polished, sili-

con wafers with a diameter of 100± 0.3 mm, a thickness of
1000± 20 µm, and a crystal orientation of 〈100〉. The ablation
experiments were conducted in ambient air on the polished side
by scanning squares of 5× 5 mm2 along parallel offset lines
with the hatching distance dh . The sky-writing mode of the
galvanometer scanner was used to ensure a constant feed rate
vs during scanning of the squares, resulting in a constant offset
db between the impact locations of the individual bursts even
at high feed rates. Multiple scans over the same squares were
used to increase the depth of the milled cavities. The processed
areas were characterized by means of a three-dimensional (3D)
laser scanning microscope (LSM; Keyence, VK-9710-K). The
measured cavity depth dc was used to calculate the immanent
material removal rate

1Vt =
db · dh · dc · fb

ns
, (1)

where db and dh denote the offset of the impact locations of the
bursts on the surface in and perpendicular to the feed direction,
respectively, fb denotes the repetition rate, and ns denotes the
number of scans over the processed area. The material removal
rate represents the ablated material volume per unit of time
and is typically used to evaluate the throughput of an ablation
process, and definition (1) only holds as long as the offsets db
and dh are kept so small to ensure a uniform ablation depth.
The energetic efficiency of the ablation process is defined by
the ratio of the ablated volume and the irradiated energy and is
obtained by

1VE =
1Vt

P
, (2)

where P denotes the average laser power.
In a first step, we confirmed the advantageousness of a five-

pulse burst and low peak fluence per pulse of approximately
80 = 0.7 J/cm2, which were found to be beneficial in laser

milling of silicon with regard to ablation efficiency and surface
roughness as reported in [8,12], also for the pulse duration and
repetition rate of our experimental setup, which significantly
differs from the ones in [8,12]. The focal position was set on
the sample’s surface, corresponding to a beam diameter on the
surface of d0 = 90 µm. The feed rate of vs = 10 m/s and the
hatching distance dh = 20 µm led to a burst overlap on the sur-
face of 78% in both directions. The surface structure obtained
by processing with ns = 20 as measured by scanning electron
microscope (SEM, Jeol JSM-6490LV) is shown in Fig. 1.

The surface is partially covered with LIPSS and nanoparti-
cles. The period of the LIPSS was measured to 1040± 40 nm,
which is close to the wavelength λ= 1030 nm of the irradiat-
ing laser beam and consistent with observations made in [6].
The nanoparticles detected on the surface vary in diameter
from approximately 90 nm to 900 nm. The used parameters
were suitable to avoid the formation of surface damage such
as nanocracks or melt droplets larger than 1 µm in diameter.
The impression of the smooth surface shown in Fig. 1 was
confirmed by the low surface roughness which was measured
to be Sa = 0.5 µm. This value is in good agreement with the
values published in [8,12]. The energy-specific volume was
measured to1VE = 3.1 µm3/µJ, which corresponds to a mate-
rial removal rate of1Vt = 10.6 mm3/min at an average power
of P = 57 W.

In a second step, the average laser power was increased from
P = 57 W to P = 950 W, which leads to an increase of the
burst energy from Eb = 114 µJ to Eb = 1900 µJ. By shifting
the focus position of the laser beam 17 mm (corresponding to
approximately four Rayleigh lengths) below the sample sur-
face, the beam diameter on the sample surface was increased
from d0 = 90 µm to d0 = 372 µm to maintain a moderate
peak fluence of 80 = 0.70 J/cm2 at the high burst energy
of Eb = 1900 µJ. As the surface temperature of the sample
determines the formed surface structure, the increased amount
of heat at this increased average power requires an adapted
feed rate, which was shown to be a critical parameter affect-
ing the accumulated heat on the surface [10]. The influence
of the feed rate on the resulting surface structure and rough-
ness for laser milling of silicon at the high average power of
P = 950 W is shown in Fig. 2. The number of scans ns were
adapted with respect to the feed rate vs so that the incident
number of pulses and hence the total incident laser energy
per unit area remains constant for all investigated data points.
With the large beam diameter of d0 = 372 µm required to
keep the fluence at the desired value, the roughness obtained
at a feed rate of vs = 10 m/s amounts to Sa = 3.6 µm which
is significantly higher than the one obtained in the aforemen-
tioned experiments with P = 57 W. At this low feed rate,

Fig. 1. SEM image of laser-milled surface. Process parameters:
λ= 1030 nm, P = 57 W, fb = 500 kHz, Eb = 114 µJ, PPB= 5,
d0 = 90 µm,80 = 0.72 J/cm2, vs = 10 m/s, dh = 20 µm, ns = 20.
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the elevated surface temperature caused by the high average
power of 950 W led to the formation of melt, which resulted
in a solidified melt film and nanoscale solidification cracks, as
shown in Fig. 2(b). These surface defects were also observed in
[9] for the ablation of craters with λ= 355 nm and τ = 20 ps
at a comparably higher peak fluence of 80 = 40 J/cm2 and a
much lower pulse repetition rate of fb = 50 Hz. With increas-
ing feed rate, the roughness decreases up to the lowest achieved
value of Sa = 0.4 µm at the maximum available feed rate of
vs = 24 m/s. The surface structure obtained with vs = 24 m/s
is shown in Fig. 2(c). The surface is covered with LIPSS and
nanoparticles without larger surface damage. A major transi-
tion of the surface quality occurs in the feed rate range of about
14 m/s to 16 m/s, also referred to as the critical feed rate [10].
At 14 m/s and below, the roughness was Sa > 1 µm, and the
surface was mainly characterized by solidified melt films and
nanocracks. As shown in Fig. 2(b), LIPSS are absent on the
sample surface for a feed rate of vs = 10 m/s due to the strong
melt formation indicated by the solidified melt films. At 16 m/s
and above, the roughness was Sa < 1 µm, and the surface was
covered only with LIPSS and nanoparticles. No significant
changes in the diameter and distribution of nanoparticles were
observed on the structured surfaces at the investigated feed rates.

The comparison of the results achieved at high power
(P = 950 W) and vs = 24 m/s [cf. Fig. 2(c)] with the results
achieved at low power (P = 57 W) and vs = 10 m/s (cf. Fig. 1)
shows similar surface structure and roughness values with
Sa = 0.4 µm and Sa = 0.5 µm, respectively. However, at a
power of 950 W, the material removal rate is increased by a
factor of 20 to1Vt = 216 mm3/min, which corresponds to an
energy-specific volume of 1VE = 3.8 µm3/µJ. The increased
energy-specific volume at a similar peak fluence may be caused
by defocusing the laser beam in order to increase the beam
diameter on the sample surface. As the energy-specific volume
is sensitive to the energy distribution on the irradiated surface,

Fig. 2. (a) Mean roughness of the processed surfaces as a func-
tion of the feed rate with adapted number of scans to keep the total
incident energy per unit area at a constant value of 19 J/mm2. Error
bars represent measurement uncertainties of ±20%. SEM images
of corresponding surfaces at (b) vs = 10 m/s and (c) vs = 24 m/s.
Process parameters: λ= 1030 nm, P = 950 W, fb = 500 kHz,
Eb = 1900 µJ, PPB= 5, d0 = 372 µm, 80 = 0.70 J/cm2,
dh = 50 µm.

defocusing presumably changed the energy distribution of the
defocused non-perfect Gaussian beam with the beam quality
factor of M2 < 1.5. An even higher energy-specific volume
of 1VE = 9.6 µm3/µJ was recently reported in [20] using
1.76 GHz bursts with 100 pulses in the burst, but this caused an
increased roughness of Sa = 1.5 µm. The increased efficiency
at the expense of quality with GHz bursts results primarily from
a melt-assisted ablation process. For high surface quality with
low roughness, a vaporization-dominated ablation process as
demonstrated with our approach seems favorable.

The depth of the cavity milled with vs = 24 m/s and ns = 24
was measured to be dc = 72 µm. The low roughness and the
avoidance of surface defects with diameters larger than 1 µm
have to be maintained over a range of the cavity depth from a
few microns up to several hundred microns in order to ensure
surfaces that are suitable for the manufacturing of devices such
as MEMS and THz optics. A simple method to adjust the
cavity depth is the adaption of the number of scans ns over the
processed area. The resulting cavity depth and surface rough-
ness using the parameters P = 950 W, 80 = 0.70 J/cm2, and
vs = 24 m/s for a different number of scans are shown in Fig. 3.

Two distinct regimes can be identified with respect to
the resulting roughness. The first regime with a rough-
ness Sa < 0.5 µm reaches a maximum of about 40 scans,
which corresponds to a cavity depth of dc = 116 µm. The
milled depth per scan in this first regime is approximately
3.0 µm. The second regime exhibits an increased roughness of
0.6 µm< Sa < 0.8 µm and ranges from 50 to 100 scans up to
the maximum investigated cavity depth of dc = 313 µm. The
milled depth per scan in the second regime is approximately
3.2 µm. A coarser surface structure and increased roughness
with an increasing cavity depth was also observed for laser
milling of silicon in [4,7]. However, in the present work, a low
roughness Sa < 0.8 µm and fine surface structure partially
covered with LIPSS could be maintained up to the maximum
milled depth of 313 µm [cf. Fig. 3(b)]. Both are required to
avoid scattering and achieve maximum transmission when

Fig. 3. Roughness and milled depth as a function of the number
of scans. Error bars represent measurement uncertainties of ±20%.
Process parameters: λ= 1030 nm, P = 950 W, fb = 500 kHz,
Eb = 1900 µJ, PPB= 5, 80 = 0.70 J/cm2, d0 = 372 µm,
vs = 24 m/s, dh = 50 µm.
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laser ablation is used for the manufacturing of optics for THz
radiation.

Finally, we also demonstrated laser milling of a chamfer
geometry by applying an average laser power in excess of 1 kW.
To the best of our knowledge, this is the first demonstration
of laser processing with sub-ps pulse durations and an average
power of more than 1 kW. For this experiment, the available
average power on the workpiece was increased to P = 1010 W
by realignment of the laser system. As the beam diameter was
kept constant, the resulting peak fluence on the workpiece was
slightly increased to 80 = 0.74 J/cm2. The chamfer geometry
was milled by decreasing the width of one side of the initially
squared-shaped scanning area after each scan by 50 µm, which
corresponds to one parallel offset line with the hatching distance
of dh = 50 µm. An LSM measurement (Olympus, OLS4000)
of the manufactured geometry is shown in Fig. 4.

The evaluation of the LSM measurements reveals low rough-
ness values, with Sa = 0.4 µm in the upper area of the chamfer
geometry (marked with I in Fig. 4) and Sa = 0.6 µm in the
lower area of the chamfer geometry (marked with II in Fig. 4).
The surface is again covered with LIPSS and nanoparticles (not
shown here). This is consistent with the results obtained for laser
milling of the flat surfaces shown in Fig. 3. Furthermore, the
flatness of the tilted surface was investigated by calculation of the
peak-to-valley height after filtering the LSM measurement with
a cutoff wavelength of 250µm. The tilted surface is smooth with
a low peak-to-valley height of 5.7µm over the large area of 3.5×
3.5 mm2. Although the ablated depth per scan is about 3µm, no
steps were detected along the offset parallel processed lines.

The energy-specific volume of 1VE = 3.8 µm3/µJ during
laser milling with P = 1010 W corresponds to a high mate-
rial removal rate of 1Vt = 230 mm3/min. To the best of our
knowledge, this is the highest material removal rate reported
so far for laser milling of silicon with ultrafast lasers, while at
the same time achieving high surface quality with Sa ≤ 0.6 µm
and no surface defects with diameters exceeding 1 µm. In com-
parison to previously reported results for laser milling of silicon
achieving low surface roughness, this is a 740 times greater
removal rate than that reported in [12] and a 443 times greater
material removal rate than that reported in [8]. Hence, the
presented results show that high-power ultrafast lasers in com-
bination with appropriate processing strategies such as bursts,
low peak fluence, and high feed rates can significantly enhance
the throughput of silicon laser milling while maintaining high
surface quality. If small feature sizes are required that cannot be
processed with a defocused laser beam, other techniques like

Fig. 4. LSM measurement of a chamfer milled on the surface of
a silicon wafer. Process parameters: λ= 1030 nm, P = 1010 W,
fb = 500 kHz, Eb = 2020 µJ, PPB= 5, 80 = 0.74 J/cm2,
d0 = 372 µm, vs = 24 m/s, dh = 50 µm. ns was adapted for each
scanning vector, up to 100 scans.

beam shaping and beam splitting may be applied to distribute
the pulse energy and effectively reduce the peak fluence on the
workpiece.

In conclusion, we demonstrated high-quality high-
throughput silicon laser milling with an ultrafast laser
delivering an average power of 1 kW which—to the best of
our knowledge—is the first demonstration of material process-
ing with sub-ps laser pulses at this elevated power level. To
achieve this, a high-power ultrafast laser in combination with
adapted processing strategies were used. A low surface rough-
ness Sa ≤ 0.6 µm and a smooth surface structure with LIPSS
and nanoparticles were obtained at high average power by
using pulse bursts, low peak fluences, and high feed rates.
Furthermore, a low roughness was maintained up to the maxi-
mum investigated milling depth of 313µm. The energy-specific
volume was measured to be1VE = 3.8 µm3/µJ at 1010 W on
the workpiece, which corresponds to a material removal rate
of 1Vt = 230 mm3/min. Hence, high-power ultrafast lasers
in combination with the appropriate processing strategies can
significantly enhance the throughput while maintaining high
surface quality.
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