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Abstract

Recently, laser processing of silicon with ultrafast lasers has gained widespread attention for manufacturing of optics for
THz radiation, an emerging topic with applications in medical imaging, security and communication. Such THz-optics
require high-quality surfaces with low roughness in order to provide high transmission and low scattering. In the past, the
low average power of ultrafast lasers limited the achievable throughput in silicon laser micromachining.

In this work a processing strategy for high-quality high-throughput micromachining of silicon with a 1-kW sub-picosecond
laser is presented, which takes benefit of pulse bursts, low fluences and high feed rates.

As a result, laser micromachining could be demonstrated as a suitable technology for manufacturing of smooth structures
on silicon while maintaining a high throughput. Surfaces with an appropriate roughness of S; < 0.6 um were produced with
a high material removal rate of 230 mm3/min and a machining depth of up to 313 um.
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1. Introduction

Laser processing with ultrafast lasers is a significantly growing field which offers high flexibility for advanced
materials processing (Sugioka and Cheng, 2014). Laser micromachining of silicon has gained widespread
attention for applications such as mask-free fabrication of silicon solar cells (Engelhart et al., 2007), dry etching
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of micro-electro-mechanical systems (MEMS) (Gower, 2001) and manufacturing of optics for THz radiation
(Minkevicius et al., 2017), (Kononenko et al., 2020). Most of these applications require high surface quality
with a low roughness of S, < 1 um and the absence of surface defects, e.g. to achieve low scattering and hence
high transmission in optics for THz radiation (Indrisiunas et al., 2019). 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 (Rocker et al., 2019), high throughput has been made possible in many applications.
Furthermore, the first demonstration of a 10 kW ultrafast laser by (Mdller et al., 2020) promises further
significant increase of the productivity of laser applications in the future.

Recently, we reported on high-quality high-throughput laser micromachining of silicon with a sub-ps laser
with more than 1 kW of average power, which was the first demonstration of material processing with sub-ps
laser pulses at this power level (Holder et al., 2021). In this paper, additional insights about the scaling of the
throughput and the resulting surface structure are presented.

2. Methods

The principle of the home-built ultrafast laser used for the experiments is described in detail in (Récker et
al., 2019). The specifications are summarized in Table 1.

Table 1. Specifications of the ultrafast laser used for the experiments

Parameter Symbol Value
Wavelength A 1030 nm
Pulse duration T <600 fs
Beam quality factor M2 <15
Maximum average output power Pout 1110 W
Repetition rate fo 500 kHz
Number of pulses within the burst PBB 5
Intraburst pulse distance - 22.7 ns

The experiments were performed in a processing station (Lasea, LS 5-1) with a focusing optic (Scanlab,
varioSCANge 40i) mounted to a Galvanometer-Scanner (Scanlab, intelliSCANge 30). The specifications of the
materials processing system are summarized in Table 2.

Table 2. Processing parameters on the sample surface

Parameter Symbol Value
Transmission of the optics in the station - 91%

Maximum average power on the sample P 1010 W
Maximum burst energy on the sample Ep 2020 W

Focal length - 580 mm

Focal diameter do 90 um

Size of scanning field - 300 x 300 mm?

Silicon wafers with a crystal orientation of <100>, a diameter of 100 mm and a thickness of 1000 um were
micromachined in ambient air on the polished side of the wafers. Squares of 5 x 5 mm? were scanned along
parallel offset lines with the hatching distance dh using the sky-writing mode of the Galvanometer-Scanner to
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ensure a constant feed rate vs, resulting in a constant offset d» between the impact locations of the individual
bursts even at the maximum feed rate of 24 m/s. The depth of the micromachined cavities was increased by
multiple scans over the same squares and measured by means of a 3D-Laser Scanning Microscope (LSM). The
measured cavity depth dc was used to calculate the immanent material removal rate

d -d -d-f
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where dp and dn correspond to the offset of the impact locations of the bursts on the surface in and
perpendicular to the feed direction, respectively, f» denotes the repetition rate and ns equals 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 a micromachining process, i.e. the productivity. The
energy-specific ablation volume of the process is defined by the ratio of the ablated volume and the irradiated
energy and is obtained by

AV,
AV, = 7 (2)

where P denotes the average laser power. The surface quality was evaluated by measurement of the surface
roughness Sq and investigation with a scanning electron microscope (SEM).

3. Results

The influence of the peak fluence per pulse on the resulting surface roughness and energy-specific volume
was investigated. The focal position was set on the sample surface, which corresponds to a beam diameter on
the surface of do = 90 um. A burst overlap of 78% on the surface in both directions was obtained with the feed
rate of vs=10m/s and the hatching distance din =20 um. The surface roughness (red triangles and left
ordinate) and energy-specific volume (blue diamonds and right ordinate) as a function of the peak fluence per
pulse by processing with ns = 20 is shown in Fig. 1.
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Fig. 1. Roughness Sq (red triangles and left ordinate) and energy-specific volume AVe (blue diamonds and right ordinate) as a function of
the peak fluence. Error bars represent the minimum and maximum deviation from three measurements. Process parameters:
A=1030 nm, f» = 500 kHz, PPB = 5, do = 90 um, vs = 10 m/s, d» = 20 um, ns = 20.
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A low surface roughness S, < 0.6 um was achieved with peak fluences up to ®o=1.28J/cm?, which
corresponds to an average power of up to P =102 W. The energy-specific volume increased with increasing
peak fluence up to AVe = 3.1 um3/w at ®o = 0.72 J/cm? and remained in this range up to ®o = 1.28 J/cm?. The
corresponding SEM images of micromachined surfaces with different peak fluences are shown in Fig. 2 a) and
b). A low peak fluence of ®o = 0.26 J/cm? caused the formation of ripples with a spatial period in the range of
the laser wavelength of 1 um and formation of microgrooves (Fig. 2 a)). Nanoparticles are generated on the
surface and the ripples appear blurry with a moderate peak fluence of ®o = 0.72 J/cm? (Fig. 2 b)). In the range
of the optimum fluence from ®o = 1.42 J/cm? to ®o = 2.38 J/cm?, which corresponds to an average power from
P=113 W to P =189 W, the surface roughness remained in the range of S, =1 um and a maximum energy-
specific volume of AVe=5.3 um3/u) was achieved. However, the peak fluences in this range caused the
formation micrometer-sized solidified melt droplets and initiation of nanoscaled solidification cracks, also
known as nanocracks (Fig. 2 c)). Further increase of the peak fluence and average power up to ®o = 3.11 J/cm?
and P =247 W, respectively, significantly increased the surface roughness to S, = 2.0 um. The nanocracks
further propagated and were interconnected when the peak fluence of ®o = 2.86 J/cm? was applied (Fig. 2 d).

a) ®, = 0.26 J/om? b) = 0.72 Jlom?
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Fig. 2. SEM images of laser micromachined surfaces processed with different peak fluences a) ®o = 0.26 J/cm?, b) ®o = 0.72 J/cm?, ¢)
o =1.97 J/cm?, and d) ®o = 2.86 J/cm?. Process parameters: A = 1030 nm, f» = 500 kHz, PPB =5, do = 90 um, vs = 10 m/s, d» = 20 um,
ns=20.
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It can be seen from these results that high surface quality with a low roughness and avoidance of nanocracks
while maintaining a sufficient energy-specific ablation volume can be achieved when a peak fluence in the
range of Mo =0.72 J/cm? is used. The material removal rate at ®o = 0.72 J/cm? and P = 57 W was calculated to
AV:=10.6 mm3/min. For an increased throughput, the average laser power was increased from P =57 W to
P =950 W, which led to an increase of the burst energy from E» = 114 ) to E» = 1900 pJ. In order to maintain
a moderate peak fluence of ®o=0.70J/cm? at the burst energy of £, = 1900 pJ, the beam diameter on the
sample surface was increased from do = 90 um to do = 372 pum by shifting the focus position of the laser beam
17 mm, which corresponds to approximately 4 Rayleigh lengths, below the sample surface. The increased
amount of heat at this increased average power requires an adapted feed rate. The influence of the feed rate
on the resulting surface roughness (red triangles and left ordinate) and energy-specific volume (blue diamonds
and right ordinate) for laser micromachining of silicon at the high average power of P =950 W is shown in
Fig. 3. 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 at a constant value of 19 J/mm? for all
investigated feed rates.
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Fig. 3. Roughness Sq (red triangles and left ordinate) and energy-specific volume AV (blue diamonds and right ordinate) of the
micromachined surfaces as a function of the feed rate with adapted number of scans to keep to total incident energy per unit area ata
constant value of 19 J/mm?. Error bars represent the minimum and maximum deviation from three measurements. Process
parameters: A = 1030 nm, P = 950 W, f» = 500 kHz, Ep = 1900 wJ, PPB =5, do = 372 um, ®o = 0.70 J/cm?, dp = 50 um.

With the increased beam diameter of do = 372 um which was chosen to keep the peak fluence at the desired
value of ®o =0.70 J/cm?, the roughness obtained at a feed rate of vs = 10 m/s and a spatial offset distance of
bursts of db =20 um amounts to So=3.6 um which is significantly higher than the one obtained in the
experiments with P = 57 W. At this low feed rate, the elevated surface temperature caused by the high average
power P =950 W led to the formation of melt and nanocracks (Fig. 4 a). With increasing feed rate and thus
increasing offset distance of bursts, the roughness decreases up to the lowest achieved value of Sq = 0.4 um at
the maximum feed rate of vs =24 m/s, the latter corresponding to a spatial offset distance of bursts of
dp =48 um. The surface obtained with vs=24 m/s is shown in Fig.4d). It is covered with ripples and
nanoparticles without larger surface damage. A major transition of the surface quality occurs in the feed rate
range of 14 m/s to 16 m/s, also referred to as the critical feed rate (Bauer et al., 2015). At vs = 14 m/s and
below, a roughness So > 1 um was measured and the surface was mainly characterized by solidified melt films
and nanocracks (Fig. 4 a) and b)), with wider cracks appearing at lower feed rates. At vs = 16 m/s and above,
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the roughness was S; < 1 um and the surface was covered only with ripples and nanoparticles (Fig. 4 c) and
d)). The energy-specific volume also decreased from AVe = 4.7 um3/u at vs =10 m/s to AVe=3.8 um3/W at
vs = 24 m/s. Interestingly, the energy-specific volume remained constant in the range of the critical feed rate,
where a major transition of the surface quality occurred. The comparison of the results achieved at high power
(P =950 W) and vs = 24 m/s (cf. Fig. 4 d)) with the results achieved at low power (P =57 W) and vs =10 m/s
(cf. Fig. 2 b)) shows similar surface structures and roughness values with S;=0.4 pum and Sq=0.5um,
respectively. However, at a power P =950 W, the material removal rate is increased by a factor of 20 from
AV:=10.6 mm3/min to AV: = 216.0 mm?3/min.
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Fig. 4. SEM images of laser micromachined surfaces processed with different feed rates and adapted number of scans to keep to total
incident energy per unit area at a constant value of 19 J/mm?2. a) vs =24 m/s, b) vs = 16 m/s, ¢) vs = 14 m/s, and d) vs = 10 m/s. Process
parameters: A = 1030 nm, P =950 W, f» = 500 kHz, Ep = 1900 W, PPB =5, do = 372 um, ®o = 0.70 J/cm?, dp = 50 um.

The cavity depth of micromachined surfaces with vs =24 m/s and ns = 20 was measured to dc =72 um. A
high surface quality with a low roughness and avoidance of nanocracks or other surface defects have to be
maintained over a range of the cavity depth from a few microns up to several hundreds of microns in order to
ensure surfaces that are suitable for the manufacturing of demanding devices such as THz optics. The cavity
depth can be adjusted by adaption of the number of scans over the processed area. The surface roughness
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(red triangles and left ordinate) and cavity depth (green squares and right ordinate) of the micromachined
surfaces after processing with P =950 W, ®o = 0.70 J/cm? and vs = 24 m/s for various number of scans up to
100 are shown in Fig. 5 a).
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Fig. 5. a) Roughness (red triangles and left ordinate) and cavity depth (green squares and right ordinate) of the micromachined surfaces
as a function of the number of scans. SEM images corresponding surfaces at b) ns = 4 and c) ns = 100. Process parameters: A = 1030 nm,
P =950 W, f» = 500 kHz, Ep = 1900 pJ, PPB =5, ®o = 0.70 J/cm?, do = 372 um, vs = 24 m/s, dp = 50 pm.

Two distinct regimes can be identified with respect to the resulting surface roughness S.. The first regime
with a roughness Sq < 0.5 um reaches until a maximum of about 40 scans, which corresponds to a cavity depth
of dc =116 um. The micromachined depth per scan in this first regime is approximately 3.0 um. The second
regime exhibits an increased roughness of 0.6 um < Sz < 0.8 um and ranges from 50 to 100 scans up to the
maximum investigated cavity depth of dc = 313 um. The micromachined depth per scan in the second regime
is approximately 3.2 um. In the present work, a low roughness S < 0.8 um and fine surface structure partially
covered with ripples and nanoparticles could be maintained up to the maximum milled depth of 313 um
(Fig. 5b) and c)). Both are required to avoid scattering and achieve maximum transmission when laser
micromachining is used for the manufacturing of optics for THz radiation.
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Finally, laser micromachining of a chamfer geometry and the logo of the institute on the surface of a silicon
wafer was demonstrated with 1.01 kW average laser power on the sample surface. With a constant beam
diameter of do =372 um the resulting peak fluence was slightly increased to ®o =0.74 J/cm?. The chamfer
geometry of the size 5 x 5 mm? shown in Fig. 6 a) was micromachined by decreasing the width of one side of
the scanning area after each scan by 50 um, which corresponds to one parallel offset line. The logo of the
institute with a size of 80 x 25 mm? was micromachined on the silicon wafer using ns = 10 scans and is shown
in Fig. 6 b).
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Fig. 6. a) LSM measurement of a chamfer and b) photograph of the logo of the institute micromachined on the surface of a silicon wafer
and illuminated by white light. Process parameters: A = 1030 nm, P = 1010 W, f, = 500 kHz, Ep = 2020 W), PPB =5, ©o = 0.74 J/cm?,
do =372 um, vs =24 m/s, dp = 50 um.

The LSM measurements revealed low roughness values, with Sa = 0.4 um in the upper area of the chamfer
geometry and Sa = 0.6 um in the lower area of the chamfer geometry (Fig. 6 a)). The surface was again covered
with ripples and nanoparticles (not shown here). This is consistent with the results obtained for laser
micromachining of the flat surfaces shown in Fig. 5. 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 250 um. The tilted surface is smooth with a low peak-to-valley height of 5.7 um over the large
area of 3.5 x 3.5 mm?2. Although the micromachined depth per scan was about 3 um, no steps were detected
along the offset parallel processed lines. The illumination of the micromachined wafer shown in Fig. 6 b) with
white light caused the appearance of varying colors at different view angles, due to the diffractive behavior of
the grating-like ripples. The results demonstrate the capability of high-quality micromachining with high
average power over a large area when an appropriate processing strategy is used. The energy-specific volume
of AVe = 3.8 um3/J during laser micromachining with P = 1010 W corresponds to a high material removal rate
of AV: =230 mm3/min. To the best of our knowledge, this is the highest material removal rate reported so far
for laser micromachining of silicon with ultrafast lasers, while at the same time achieving high surface quality
with Ss £ 0.6 um and no surface defects with diameters exceeding 1 um.

4. Conclusion

In summary, high-quality high-throughput silicon laser micromachining with an ultrafast laser delivering an
average power of >1 kW is presented. A low surface roughness Sq < 0.6 um and smooth surface structure with
ripples and nanoparticles was 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 maximum investigated
micromachining depth of 313 um. The energy-specific volume was measured to be AVe = 3.8 pm3/ul at 1010 W
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on the workpiece, which corresponds to a material removal rate of AV: = 230 mm3/min. Hence, high-power
ultrafast lasers in combination with appropriate processing strategies can significantly enhance the throughput
while maintaining high surface quality.
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