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Femtosecond Laser Micromilling of Si Wafers

Seongkuk Lee, Dongfang Yang, Suwas Nikumb
Integrated Manufacturing Technology Institute, National Research Council

800 Collip Circle, London, Ontario, Canada N6G 4X8

Abstract : Femtosecond laser micromilling of silicon is investigated using a
regeneratively amplified 775 nm Ti:Sapphire laser with a pulse duration of 150 fs
operating at 1 kHz repetition rate. The morphological observation and topological
analysis of craters fabricated by single-shot laser irradiation indicated that the material
removal is thermal in nature and there are two distinct ablation regimes of low fluence
and higher fluence with logarithmical relations between the ablation depth and the laser
fluence. Crater patterns were categorized into four characteristic groups and their
formation mechanisms were investigated. Femtosecond laser micromilling of pockets in
silicon was performed. The effect of process parameters such as pulse energy, translation
speed, and the number of passes on the material removal rate and the formation of cone-
shaped microstructures was investigated. The results indicate that the microstructuring
mechanism has a strong dependence on the polarization, the number of passes and laser

fluence. The optimal laser fluence range for Si micromilling was found to be 2~8 J/cm?

and the milling efficiency attains its maximum between 10 ~ 20 J/cm?.
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1. Introduction

Laser-based machining of materials with femtosecond laser pulses has attracted
considerable attention in recent years [1]. The reduction of temporal width of pulses from
the nanosecond to the femtosecond regime limits the thermal diffusion into the
surrounding material during ablation process and increases the quality of the machined
surface [2]. In contrast to material processing using nanosecond or longer laser pulses
where standard modes of thermal processes dominate, the case of femtosecond laser-
material interactions, only a small fraction of the laser pulse energy is transmitted to the
material surrounding the laser-irradiated area in the form of heat. Consequently,
femtosecond laser pulses can induce nonthermal structural changes, driven by electronic
excitation and associated nonlinear processes, before the material lattice attains
equilibrium with the excited carriers. This fast mode of material modification process can
reduce the thermal stresses significantly with minimal collateral damage of the
processing materials [3].

Silicon is an important material in semiconductor industry and also very useful for
MEMS devices. Femtosecond laser ablation of silicon has received significant attention
mainly because of its potential in micromachining application [4]. Most of the studies in
literature are focused on the physics of the transient states of the single pulse ablation
process using techniques including optical pump-probe [5], time-of-flight mass
spectroscopy [6-9], and time-resolved microscopy [10]. A number of theoretical models
based on molecular dynamics have been proposed to model ultrafast heating and ablation
processes [11-13]. Recently, the formation of microstructures (ripples, columns and

cones) on Si samples in the case of multiple pulse irradiations on stationary samples has



been reported by several research groups [14-18]. Hwang et al [19] investigated the
ablation process efficiency during silicon micromachining with femtosecond laser pulses
in ambient air, and reported that the decrease of the ablation efficiency in the high fluence
region (> 10 J/cm?) is attributed to the strong interaction of the laser pulse with the laser-
induced plasma. Crawford et al [20] carried out femtosecond laser micromachining of
grooves in silicon and investigated ablation rate as a function of pulse energy, translation
speed, and the number of consecutive passes. Coyne et al [21] analyzed the interaction of
ultra-short pulses with wafer grade silicon in air using optical and electron microscope,
and suggested that the optimum fluence condition for precise and accurate machining of
silicon is in the range of 0.8 ~ 1.5 J/cm®.

Laser micromilling is gradually emerging as an important technology for applications
in material manufacturing, rapid prototyping and component miniaturization. It makes
manufacturing cheaper, faster, cleaner and more accurate. This benefits product
development by reducing risk and time to market, thereby increasing product
competitiveness, improving performance and reliability [22,23]. In particular, laser
micromilling permits a wide variety of structures in silicon since the process is
independent of the crystal plane orientation unlike wet chemical etching process. Several
research groups have investigated femtosecond laser micromachining of basic geometric
features on a variety of materials such as borosilicate glass, silicon [16], fused silica
[24,25], aluminum [25], copper [26], Lithium Niobate [27], Nitinol [28], PZT [29].
However, in comparison to nanosecond and picosecond lasers, relatively few systematic
studies have been performed on the development of linear features in solid materials with

femtoseocnd lasers.



The objective of the work reported in this paper is to characterize the ablation and
micromilling of silicon using femtosecond laser pulses. First, single-shot laser
experiments were carried out to create craters in silicon with the variation of laser
fluence. Surface morphologies and topographies of the machined craters were obtained
by field emission scanning electron microscopy and an optical surface profiler (WYKO,
NT1100). The evolution of surface morphology, profiles of the craters and the ablation
rates were investigated as a function of the laser fluence. Next, the femtosecond laser
micromilling of shallow pockets in silicon was performed. Effects of the process
parameters such as pulse energy, translation speed, and the number of passes on the
material removal and the formation of microfeatures were studied in order to understand
the characteristics and the parametric relationships of the laser micromilling process and

to explore its application feasibility.

2. Experimental

The present experimental studies focus on the surface morphology of microfeatures
(craters and pockets) created in silicon using single and multiple femtosecond laser
pulses. A regeneratively amplified 775 nm Ti:Sapphire laser system (CPA-2010, Clark-
MXR Inc.) with a pulse duration of 150 fs operating at 1 kHz repetition rate was used.
The schematic of the experimental setup is shown in Fig. 1. The original beam was
passed through a circular aperture placed in front of the beam delivery system in order to
improve the beam quality. The incoming laser beam had a Gaussian profile with a
diameter of about 6 mm after magnifying 2 times using a conventional beam expander.

The laser beam was subsequently focused using a microscope objective lens (NA = 0.1,



Meiji S.Plan M5X) onto the surface of the specimen which was mounted on a computer
controlled x-y translation stage having a resolution of 100 nm. The pulse energy was
measured using a photodiode (Ophir, PD300-3W) that was placed after the microscope
objective lens and varied using neutral density filters and a linear polarizer. Since the
beam diameter cannot be measured precisely, we applied the ablation threshold of Si for
multiple laser pulses as a reference point to calculate the beam diameter and the laser
fluence because the damage threshold of Si for multiple laser pulses is relatively well
defined between 0.18 ~ 0.2 J/cm? in the literature [17,21,30]. The single shot ablation
threshold of Si was found to be 0.63 J/cm® when we applied the damage threshold of 0.2
J/em? for 20 laser pulses as a reference. The specimen was moved at a translation speed,

ranging between 10 ~ 100 mm/min in the direction perpendicular to the incident beam.

3. Results and discussion
3.1 Crater formation by single shot
A. Crater depth vs. laser fluence

To understand ablation mechanism from the evolution of surface morphologies, single
shots at various laser fluences were irradiated on the Si wafer to create micro-sized
craters, and the surface profiles and morphologies were investigated. The measured crater
depth, diameter and rim height are plotted as a function of laser fluence in Fig. 1. From
the crater depth data shown in Fig. 1(a), it is possible to identify two different ablation
regimes having linear dependencies between the ablated depth and the laser fluence on a
logarithmic scale. The two different slopes under femtosecond laser irradiation have been

reported for metals [26,31], semiconductors [21,32,33], and polymers [34]. The two



regimes are distinguished by the volume over which the laser pulse energy is distributed.
These volumes are determined by the optical or heat penetration depth for the low or high
fluence regime, respectively. They are described by

F
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optical ,heat =l optical ,thermal

Here, F and Fj, characterize the applied and threshold fluence, respectively. L is the
ablation depth for the two regimes. At low fluence, the number of hot electrons is so low
that the charge carriers reach thermal equilibrium with the lattice in a short period time of
picoseconds. This short time gives the charge carriers less time to move, which means the
optical penetration depth of the laser energy will exceed the thermal diffusion length of
the charge carriers, therefore energy transfer occurs only within the volume characterized
by the optical penetration depth lopicr = 1/0. However, for higher fluence, the charge
carriers have more energy and it takes longer for them to reach the thermal equilibrium
with the lattice. Therefore, electron diffusion length /y.,mqa becomes significant causing
an increase in the ablation rate. In this study, an abrupt increase of rim height as shown in
Fig. 1(b) was chosen as a separation point between the two regimes. The results of the fit
to two separate sets of experimental data are given in Table 1 with the results from the
literature for comparison. The results from the current work show fairly good agreement
with that of Hwang [19] except for the ablation threshold for high fluence regime. The
optical penetration depth was found to be much lower than 10 pm derived from the
absorption coefficient of Si at 780 nm [35]. This discrepancy might be attributed to the
nonlinear absorption characteristics of femtosecond laser irradiation. The estimated
ablation threshold fluence of 0.557 J/cm? for low fluence regime can be considered as the

minimum fluence for crater formation by a single pulse. Meanwhile, the laser fluence of



1.181 J/cm® may be interpretered as the level beyond which the electron temperature that
attains a maximum at the target surface near the end of the pulse is sufficiently high to
sustain carrier diffusion into the bulk. Figure 2(a) shows typical surface profiles of the
craters created at various laser fluences. Based on these surface profiles, the ablated
volume of each crater and the ablation efficiency were calculated as a function of laser
fluence. Figure 2(b) shows the ablation efficiency and is shown to have the maximum
between 10 and 20 J/cm?® which decreases sharply afterwards. This trend is very similar
to the results reported in picosecond laser ablation of copper [36] and in femtosecond

micromachining of silicon [19].

B. Surface morphologies

In this study, the surface morphologies of craters produced by single pulses with laser
fluences ranging from 0.625 J/cm® to 666 J/cm” were analyzed using a FESEM and a
surface profiler. Based on the morphological observations and topological analysis of the
craters, it was possible to categorize them into four characteristic crater patterns as
indicated in Fig. 1(b). In the first region near the threshold fluence (0.557 < F < (.83
J/em?), the crater exhibits different circular regions of ablation, annealing, and
modification as shown in Fig. 3(a). It is suggested that the ablation process is generally
thermal in nature, and that Coulomb explosion does not take place. For Si, higher
electron mobility and higher density of available free electrons ensure effective screening
and a much smaller net positive charge accumulation during the laser pulse. This is not
sufficient to induce a macroscopic electrostatic breakup of the outer layers of Si [37]. The

crater has very smooth surface and there is no rim which protrudes above the Si surface.



This means that there was no formation of plasma at this level of laser fluence. From the
second region (0.83 < F < 3.3 J/cm?), a circular rim surrounding a smooth center is raised
20 ~ 80 nm above the surface with its height increased linearly with the corresponding
increase in the laser fluence. The image (Fig. 3(b)) suggests that the rim is a resolidified
splash of molten pool generated during the ablation process. Droplets are not observed
beyond the rims of the craters. Ripples, which are formed after irradiation with multiple
pulses onto the same sample spot [19,21], are not observed from the surface morphology.
Although the energy transfer to Si is determined by the optical penetration depth and a
rapid energy transfer occurs only within the volume characterized by the optical
penetration depth within this level of fluence, enough energy is still deposited in the
undamaged part of the material to create a shallow molten pool below the ablated area.
Therefore, force acting on the fluid can drive molten material from the center to the edges
of the crater if the melt lifetime is long enough. Because plasma is not formed up to this
level of fluence, the only force acting on the molten Si is a thermocapillary force, which
is induced by the temperature gradient on the surface following the Gaussian beam
intensity profile of the laser. In the third region (3.3 < F <250 J/em®), crater depth and
rim height increases sharply with the increase in laser fluence as the thermal diffusion of
the charge carriers becomes dominant. From the laser fluence of 12.5 J/em?, different
crater morphology with droplets of Si near the outer rim of the crater was observed (Fig.
3(c)), and these droplets became more irregular and reach further from the edge of the
rims as the laser fluence increases. This hydrodynamic motion of molten Si is most likely
caused by the plasma recoil pressure acting on the molten Si surface. The plasma

formation in the ablated plume occurs both from the thermionic electron emission from



the hot surface and from the multiphoton absorption by the plume. The plasma pressure is
very high initially and drops to 10 atm during the first microsecond of its expansion [24].
The pressure gradients are particularly large at the edges of the ablated crater because of
the plasma/air interface. Because of these large pressure gradients, a very fast rise of a
thin rim at the edges of the melted surface is expected. The thin strip-like splashes
expanding away from the crater might therefore be a result of very fast rising rims that
broke down and resolidified on the surface. As the laser fluence increases further beyond
25 J/em?, surface morphologies with the evidence of a violent and explosive removal of
molten Si were observed. Another small crater was formed at the center of the crater, and
rough recast layers were observed inside the crater and beyond the rim as seen in Fig.
3(d). These crater morphologies appear up to the laser fluence of 125 J/cm? (Fig. 3(e)). In
the fourth region where the laser fluence exceeds beyond 250 J/cm?, the crater diameters
increase sharply with the increase in the laser fluence, and the surface morphologies
reveal a sequential flow of the molten Si as seen in Fig. 3(f). This indicates that there is
another driving force which presses down the molten Si layer to produce outward flow of
the molten Si. Hwang [19] reported that air breakdown and subsequent strong shock
wave envelop were observable from the time-resolved shadowgraphs when the laser
fluence exceeded ~ 300 J/cm®. Therefore, it appears that the femtosecond laser pulse
induced air breakdown, followed by the shock wave, is likely to be the driving force to

push the molten Si outward and leave such a violent surface morphology.

3.2 Pocket milling by multiple shots

In order to investigate the effect of process parameters on the depth and surface



morphology of a micromilled pocket, the laser fluence, number of passes, and the
translation speed were chosen as process parameters, and several sets of pockets (0.4mm
x 0.2mm x h) were milled with a scan step of 2 um. After milling the pockets, the
specimens were ultrasonically cleaned with isopropanol for 30 minutes to remove the
debris redeposited loosely inside the pockets. Figure 4 shows a series of SEM images of
pockets milled at the translation speed of 833 pm/sec at various laser fluences, which
illustrates how the surface morphology evolves. As the laser fluence increases, the pocket
depth increases, the milled surface becomes rougher due to the thicker resolidified
material and debris redeposition, and the striations orthogonal to the translational
direction become apparent. The formation of these striations, likely to be initiated from
the laser-induced periodic surface structures (LIPSS) [4,19], was observed on a variety of
material after irradiation with one or more pulses from a wide range of laser systems
(femtosecond, picosecond, and nanosecond pulses). The milled depths were measured
using a stylus-type profilometer and are plotted Fig. 5. Figure 5(a) shows the relationship
between the laser fluence and the milled depth, which indicates the logarithmic two-
regime model observed in the case of single shot craters (Fig. 1(a)) fits well to the
multiple-pulse ablation of moving targets. The depths of the pockets as a function of
translation speed v for three different laser fluence conditions are graphed in Fig. 5(b).
Ameer-Beg[16] and Crawford[20] reported that the groove depth was roughly inversely
proportional to the translation speed in the cases of single-pass groove cut of silicon and
fused silica. The curve fits to the three sets of data show that the milled depth decays
exponentially with increase of the translation speed. This might be due to the incubation

effect which has been observed in various materials including semiconductors [30],

10



leading to an ablation threshold fluence that is strongly affected by the number of pulses
incident on the sample. As deep structures are usually milled by applying multiple passes
with fixed or varying focal position, the effect of the number of passes on the milled
depth and the surface morphology was also investigated. The milled depth has a linear
dependency on the number of passes up to 20 as shown in Fig. 5(c), but this linear
dependency is deteriorated due to the formation of cone-shaped periodic surface
structures as the milled depth becomes deeper. The effect of the process parameters on
the roughness was investigated and displayed in Fig. 6. An optimal range of laser fluence
for silicon micromilling which results in a better surface roughness is 2~8 J/cm®. The
relationship between the translation speed and the surface roughness is graphed in Fig.
6(b) which shows the same dependency with the milled depth (Fig. 5(a)). Figure 6(c)
shows that the surface roughness gradually increases with the increase in the number of
passes, and that the laser fluence has a strong effect on the surface roughness. Figure 7
illustrates the evolution of the surface morphologies of the pockets milled with various
numbers of passes at the translation speed of 50 mm/min. After 2 passes, the bottom
surface of uniformly milled pocket showed a periodic trace of laser raster (2 pum period)
and small irregular structures form the initial stage of periodic cone-shaped features, the
periodic structures become more ordered and larger as the number of passes increases.
The formation of the cone-shaped structures has the same trend up to the laser fluence of
~ 25 J/cm?, the periodic structures become larger and taller with the increase of laser
fluence as shown in Fig. 8. These results suggest that the lateral and vertical extension of
the cone-shaped structures and the spacing between them strongly depends on the laser

fluence and the number of pulses incident on the sample. The formed cone-shaped
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structures seem to have an elliptic base, with the longer axis of the ellipse perpendicular
to the polarization axis of the incident light. Recently, Tull [38] suggested a formation
mechanism of the silicon microstructures (columns and cones) based on the explanation
of Bonse [19] and Lowndes [39]. At the early stage (1-10 pulses), a LIPSS-like ripple
pattern with a wavelength of the laser appears, and then changes to a quasi-periodic array
of beads with a larger wavelength. During the late-stage, from 10 to several hundred
pulses, ablation takes place preferably on the sides of these beads. The beads act to
concentrate the light into the valley between them. Light that hits the sides of the beads
has a high angle of incidence, and the absorbed local laser fluence is reduced due to high
reflectivity. This light is reflected into the valleys, raising the incident fluence and
increasing the ablation rate. As the conical structures become steeper, the effect is
intensified. As the laser fluence increases above 25 J/em?, the micromilled pockets
showed completely different surface morphologies, the surface is covered with thick
resolidified material and quasi-periodic holes appear at the bottom of the pockets as
shown in Fig. 9. This dramatic change might be attributed to the violent and explosive
removal of molten silicon observed in Fig. 3(d). Figure 10 displays the milling efficiency
as a function of the laser fluence. The milling efficiency is defined as the milled depth per
unit laser fluence, it is shown to have the same trend with the single pulse ablation

efficiency (Fig. 2(b)), with the maximum efficiency lies between 10 and 20 Jem?®.
4. Conclusion

We have investigated the micromilling of silicon surfaces with femtosecond laser. The

morphological observation and geometric analysis of the craters created by single-shot
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irradiation indicated that the material removal is thermal in nature and there are two
distinct ablation regimes of low and higher fluence with logarithmic relationship between
the ablation depth and the laser fluence. The surface morphologies revealed the
thermodynamic and hydrodynamic motion of the molten silicon played a key role in the
material removal and the crater formation. Crater patterns were categorized into four
characteristic groups and their formation mechanisms were investigated. Femtosecond
laser micromilling of pockets in silicon was systematically performed for the first time to
explore the effect of the process parameters such as pulse energy, translation speed, and
the number of passes on the material removal and the surface morphology. The milled
depth and the surface roughness have strong relations with the process parameters. The
surface morphologies showed the evolution of periodic cone-shaped structures having
elliptic bases with the longer axis of the ellipse perpendicular to the polarization axis. The
periodic microstructures become more ordered and bigger as the number of passes
increases and become bigger and taller with the increase in the laser fluence.
Femtosecond laser micromilling of silicon requires further study to define effective
process windows for new application areas. Although the micromilled pockets have
characteristic microstructured surface finish and it could limit its applications, its
advantages such as the high dimensional accuracy, depth controllability, and flexible
machining show the potential as an alternative to conventional photolithography based

Processes.
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Fig. 9 SEM micrographs showing the evolution of surface structures with the
increase of number of passes (F = 62.0 J/cm?); (a) N=2, b)) N=6, (c) N=10

Fig. 10 The variation of micromilling efficiency with laser fluence
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Table 1 Comparison between the parameters estimated from the current and

the literature values
Experimental Re{clage;lce
Low Fluence Lopticar | 135 nm 145 nm
Regime Fi 10.557 JJem” | 0.458 J/cm”
Higher Fluence Lhermat | 324 nm 322 nm
Regime Fy” ]1.181 J/Jem® | 0.657 J/cm®
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Fig. 1 (a) Crater depth vs. laser fluence, (b) Crater diameter and rim height

vs. laser fluence
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Fig. 2 (a) Measured surface profiles of the craters, (b) The variation of ablation efficiency

with laser fluence
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Fig. 3 SEM micrographs of single-shot ablation craters showing characteristic patterns;
(a) F=0.63 J/em?, (b) F = 3.3 J/em?, (c) F = 12.5 J/em?, (d) F = 25 J/em?,

(€) F =125 J/em?, (f) F = 250 J/cm?
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Fig. 5 The relationships between the milled depth and the process parameters;

(a) laser fluence, (b) translation speed, (c) number of passes
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Fig. 6 The relationships between the surface roughness and the process parameters;

(a) laser fluence, (b) translation speed, (c) number of passes

26



e

e e s

1@.8kV  x208

10.8kV  x2@8 ' i50umn 18.0kV . x298 "

C15Bam

18.8kV. %2800

Fig. 7 SEM micrographs showing the evolution of surface structures with the increase
in the number of passes (F = 5.0 J/ cm?, v =50 mm/min, s =2 pm); () N =2,

(b) N=6, (c) N=10, (d) N =20, (e) N = 30, (f) magnified image of (e)
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Fig. 8 SEM micrographs showing the fully grown microcone structures after
30 passes; (a) F = 1.25 J/em?, (b) F = 1.88 J/cm?, (c) F = 3.76 J/em?,

(d) F = 5.0 J/em?, (€) F = 12.5 J/em?, (f) F = 25.0 J/cm®
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Fig. 9 SEM micrographs showing the evolution of surface structures with the variation
of number of passes (F = 62.0 J/cm?, v = 50 mm/min, s =2 pm); (a) N =2, (b) N

=6,(c)N=10
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Fig. 10 The variation of micromilling efficiency with laser fluence
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