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Abstract Laser-induced subsurface modification of dielec-
tric materials is a well-known technology. Applications include
the production of optical components and selective etching. In
addition to dielectric materials, the subsurface modification
technology can be applied to silicon, by employing near to mid-
infrared radiation. An application of subsurface modifications
in silicon is laser-induced subsurface separation, which is a
method to separate wafers into individual dies. Other applica-
tions for which proofs of concept exist are the formation of
waveguides and resistivity tuning. However, limited knowledge
is available about the crystal structure of subsurface modifica-
tions in silicon. In this work, we investigate the geometry and
crystal structure of laser-induced subsurface modifications in
monocrystalline silicon wafers. In addition to the generation of
lattice defects, we found that transformations to amorphous
silicon and Si-m/Si-xu occur as a result of the laser irradiation.

1 Introduction

Laser-induced subsurface modifications inside dielectric
materials have been studied for a broad variety of appli-
cations [1]. The subsurface modification technology is
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based on tightly focussing short lasers pulses inside a
material, thereby creating localized changes to its crystal
structure. Engineering applications of laser-induced sub-
surface modifications include the production of optical
components [2—6], three-dimensional data storage [7], se-
lective etching [8—10], selective metallization [11], two-
photon polymerization [12] and improving the strength of
glass [13]. Moreover, there is an interest in subsurface
modifications for the study of matter under conditions of
high pressure, since pressures in the TPa range can be in-
duced when focussing laser pulses inside bulk materials
[14-17].

This work is focussed on the formation of subsurface
modifications in silicon. As silicon is the material of choice
for the semiconductor industry, it is of interest to further
develop the subsurface modification technology for this
material. One of the most successful applications of sub-
surface modifications in silicon is dry and nearly debris-
free wafer dicing [18, 19], i.e. the separation of silicon
wafers into individual dies. Moreover, the formation of
optical components in silicon is of interest, as these com-
ponents can be combined with integrated circuits on a
single chip [20]. Finally, laser-induced subsurface modifi-
cations may be employed for resistivity tuning [21, 22].

The main requirement to produce subsurface modifica-
tions in any material is that the laser energy can be se-
lectively absorbed in a confined volume. Various
processing conditions have been investigated for the for-
mation of modifications inside silicon. Nanosecond pulses
with a wavelength 4 of 1.06 um, which corresponds to a
photon energy near the band gap, were found to result in
modifications that coincide with the focus of the laser
beam, without inducing surface damage [18, 23]. The same
holds for A = 1.55pum combined with short nanosecond
pulses [24, 25].
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In addition to nanosecond pulses, femtosecond pulses
with different wavelengths have been tested. Several
femtosecond studies were based on line scans. These re-
sulted in a combination of surface damage and modifica-
tions at a shallow depth (A=0.8um) [26, 27],
modifications just below an oxide overcoat (4 = 2.4 um)
[20], a combination of surface damage and subsurface
modifications at an unknown depth (4 = 1.55 um) [28] and
modifications near the back surface of a substrate
(4 = 1.55pum) [29]. In other femtosecond studies, single or
multiple laser pulses were applied to a single location.
During these experiments, using laser pulses with wave-
lengths of 1.2um [30] and 1.3 um [31], no subsurface
damage was found, even when irradiating the same loca-
tion with a large number of pulses. The same result was
obtained for picosecond pulses (4 = 1.03 um) [32].

Based on the experiments discussed above, the pa-
rameter window for the formation of subsurface modifi-
cations can be established. However, limited information is
available about the crystal structure of modifications inside
silicon after laser processing. This information is required
to assess the feasibility of specific applications of subsur-
face modifications and to understand their operating prin-
ciples. Suggestions of changes to the material structure
include the formation of polycrystalline material and voids
[18] and the formation of a high density of dislocations
[33]. Moreover, molecular dynamics simulations predicted
the production of amorphous silicon [34]. Finally, Raman
spectroscopy measurements have shown that transforma-
tions to amorphous and polycrystalline silicon occur [29].

The objective of this work is to investigate the geometry
and crystal structure of laser-induced subsurface modifi-
cations in crystalline silicon wafers, based on an ex-
perimental approach.

2 Laser processing and sample analysis

To establish the geometry and crystal structure of subsur-
face modifications, a number of steps are required. First,
the modifications must be produced by tightly focussing
laser pulses inside a silicon wafer. Next, unless a non-
destructive analysis method suffices, the modifications
have to be exposed on a surface or in a lamella. Finally, the
material structure of the modifications can be analysed. In
this section, an overview is given of the experimental
methods to accomplish these steps.

2.1 Laser processing conditions
Two processing strategies have been used to fabricate

subsurface modifications inside silicon. These strategies
are based on different laser wavelengths, as listed below.
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1. A wavelength of 1061 nm, corresponding to a photon
energy near the band gap of silicon. At this wave-
length, the linear interband absorption coefficient
strongly depends on temperature [35]. Consequently,
a thermal runaway can be triggered [18, 36].

2. A wavelength of 1549 nm, which corresponds to a

photon energy well below the band gap. This strategy
depends on two-photon absorption to initiate the
absorption of laser energy.

Based on numerical simulations and experiments, the re-
quired energy to modify bulk silicon was found to be
consistent with the energy needed to melt silicon [24, 36].
Therefore, the hypothesis regarding the material modifi-
cation is that melting and fast resolidification is the primary
damage mechanism. This implies that an energy density of
7.1-10°J/cm?® is required to induce bulk modifications
[24]. Depending on the volume in which the laser energy is
deposited, this energy density determines the laser pulse
energy that should be selected.

Apart from the wavelength and pulse energy, a suitable
pulse duration has to be chosen. Pulses that are too long
result in excessive conduction of heat and free carriers
during the pulse. Moreover, for the 1549-nm process, a
pulse that is too long in duration yields insufficiently high
laser intensities in the focus to enable effective two-photon
absorption. However, for both wavelengths, a lower
boundary to the pulse duration also exists. For a fixed pulse
energy, shorter pulses result in higher instantaneous powers
of the laser beam. Excessive powers induce two-photon
absorption above the focus [36, 37], resulting in absorption
of laser energy at undesired locations and plasma-induced
defocussing of the laser beam [37]. Moreover, when a
critical power threshold is exceeded, self-focussing due to
the Kerr effect becomes an issue [16]. The issues con-
cerning the use of excessive instantaneous power levels
explain the limited success of femtosecond experiments
(see Sect. 1).

Detailed information about the set-up that was used to
tightly focus laser pulses inside crystalline silicon can be
found in Ref. [24]. The focussing objective that was em-
ployed is manufactured by Leica Microsystems and has
type number 11 101 666. It has a numerical aperture of 0.7
and a coverslip correction for 100 pm Si. When creating
samples that were subject to destructive analysis tech-
niques, modifications had to be created close to the sample
surface. Therefore, for these samples, a 250 um-thick
quartz window was used to protect the objective, resulting
in negative spherical aberrations.

Two laser sources were attached to the set-up. The first
is an MWTechnologies MOPA-LF-1550 erbium-doped fi-
bre laser emitting at 1549 nm. It has a fixed full width at
half maximum pulse duration of 3.5 ns. The second is an
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SPI SP-020P-A-EP-S-A-Y ytterbium-doped fibre laser with
a wavelength of 1061 nm. This laser source has a tunable
pulse duration. Since the 1061 nm process supports a wide
range of pulse durations [36], the ability to tune the pulse
shape enables the influence of the pulse duration to be
investigated. The range of pulse durations that the SPI
source can generate was measured by a fast photodiode
(2 GHz bandwidth) and was found to be 2-460 ns.

The estimated spot sizes inside silicon (1/e? diameter),
when the focus depth is matched to the coverslip correc-
tion, are 2.37 um for the 1549-nm wavelength and 1.92 um
for the 1061-nm wavelength. The beam qualities of the
laser sources and the diameters of the laser beams at the
back aperture of the objective have been taken into account
in these estimates. The laser pulse energies were measured
at the location of the sample.

2.2 Sample preparation and analysis

Four different techniques were used to analyse the ge-
ometry and crystal structure of the laser-induced subsur-
face modifications. These are infrared microscopy,
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM) and Raman spectroscopy.

Infrared microscopy is a non-destructive technique that
requires no further sample preparation after laser process-
ing. For infrared microscopy, an optical microscope
equipped with a transmitted near-infrared light source was
employed. A regular silicon CMOS camera was used to
observe the infrared light. Advantages of infrared mi-
croscopy are that the modifications can easily be located
and that any features that are observed are guaranteed to be
a direct result of the laser—material interaction. A disad-
vantage is its limited resolution.

For SEM, samples were fractured along subsurface
modifications to expose them on a surface. The destructive
sample preparation adds some uncertainty regarding the cause
of the observed features. The fracturing may result in additional
damage beyond the damage induced by the laser—material in-
teraction. Moreover, part of the damage could remain hidden.

The Raman spectroscopy system that was employed is
equipped with a HeNe laser source emitting at 633 nm. The
spot size on the sample was approximately 2 pm.

Rather than fracturing, samples intended for Raman
spectroscopy, or the preparation of TEM lamellae perpen-
dicular to the optical axis of the laser beam (see Fig. 1), were
mechanically polished. The main advantage of polishing
over fracturing is the lower roughness of the exposed surface.
First, parallel sets of subsurface modifications were created,
which were approximately aligned with a {110} plane, one
intended for analysis, while the other was fractured. This
fractured plane was used as the starting plane for polishing.

For the fabrication of TEM lamellae, electron-transparent
lamellae were produced by focussed ion beam (FiB) milling.
For the TEM lamellae, the laser modifications were spaced
20 um apart to prevent any interaction between neighbouring
pulses. For Raman spectroscopy, a spacing between the
modifications of 2um was employed to sample a large
number of modifications. However, this does imply that the
crystal structure of laser-modified material may undergo
additional changes due to subsequent irradiation by neigh-
bouring pulses.

To obtain TEM lamellae containing cross sections of
modifications along the optical axis (see Fig. 1), modifi-
cations were created close to the wafer surface, while
producing surface grooves to mark their positions. Next,
lamellae were directly created by FiB milling and then
“plucked out” in situ.

3 Results

The wafers that were selected for the experiments are 160-pum-
thick monocrystalline silicon wafers with a <100 > crystal
orientation and a moderate boron doping. The resistivity of the
wafers was measured as 10.3 Qcm. The corresponding den-
sity of free carriers is sufficiently low to prevent appreciable
free carrier absorption by the intrinsic concentration of free
carriers [38].
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Fig. 1 Drawing of the orientations of the TEM lamellae with respect
to the modifications and the optical axis
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In this section, the results obtained using the analysis
techniques discussed in Sect. 2.2 are presented. The in-
terpretation of these results in terms of the modification
mechanisms that occurred during the laser—material inter-
action can be found in Sect. 4.

3.1 Infrared microscopy

First, infrared microscopy was employed to establish the
parameter window for the formation of subsurface
modifications. Subsurface modifications were successfully
created using all combinations of wavelengths and pulse
durations that can be generated by the laser sources de-
scribed in Sect. 2.1. However, the range of suitable pulse
energies was found to be narrow for a 2-ns pulse duration
combined with a wavelength of 1061 nm. Modifications
were only detected for pulse energies between 0.14 and
0.91 ), while changing the pulse energy in steps of
0.07 wJ. Their visibility in infrared microscopy was poor at
pulse energies of 0.7 pJ and above. This implies that the
pulse duration of 2 ns is close to the boundary of the
process window, which is consistent with numerical
simulations [36]. For 1061-nm pulses with a duration of
8 ns, clearly visible modifications were found for all pulse
energies above the modification threshold of ~ 0.2 puJ that
were investigated (up to 4pJ). Previous experiments
demonstrated that for the 1549 nm/3.5 ns process, the size
of the subsurface modifications may be tuned by varying
the pulse energy between 0.4 and 4 pJ [24].

In spite of the limited resolution of infrared microscopy,
clear differences in the geometry of the modifications were
found, when comparing short and long nanosecond pulses.
A comparison between 8- and 460-ns pulses with a
wavelength of 1061 nm, while keeping the pulse energy
constant, is shown in Fig. 2. While no cracks are visible for
the 8-ns pulse duration, the formation of cracks that
sometimes interconnect the modifications can be observed
for the 460-ns pulses. For 3.5-ns pulses with a wavelength
of 1549 nm, cracks perpendicular to the optical axis were
not visible by infrared microscopy.

3.2 Scanning electron microscopy

Figure 3 shows an overview of the side wall of a die that
was separated by fracturing it along laser-induced subsur-
face modifications, created by laser pulses with a 1549-nm
wavelength. Vertical lines that coincide with the transverse
spacing between the laser pulses can be observed. The laser
modifications become more chaotic further away from the
focus of the laser beam. This may be related to accumu-
lated damage from multiple laser pulses. The Gaussian
beam diameter in focus is comparable with the spacing
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Fig. 2 Infrared transmission micrograph of subsurface modifications
inside silicon (top view). Eight horizontal laser tracks were produced
containing modifications spaced 5um apart. Pulse energy: 2.8 pJ,
wavelength: 1061 nm, focal spot: 100 um below the surface. Pulse
duration: 8 ns (top), 460 ns (bottom)
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Fig. 3 SEM micrograph (secondary electrons) of a fracture plane
obtained after dicing a 160 um-thick silicon wafer. Wavelength:
1549 nm, pulse duration: 3.5 ns, pulse energy: 2pJ, transverse
spacing modifications: 2 pm. Three different focus depths inside the
wafer were employed. The laser beam propagation direction is from
top to bottom

between the modifications. Hence, a significant overlap
between laser spots is present away from the focal plane.

Moreover, randomly distributed voids were found. A
detail of a number of voids is shown in Fig. 4. Perpen-
dicular to the optical axis, the dimensions of the voids are
in the order of 100-500 nm. Matching voids were
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Fig. 4 SEM micrograph (secondary electrons) of a detail of a fracture
plane obtained after dicing a 160 um-thick silicon wafer. Wavelength:
1549 nm, pulse duration: 3.5 ns, pulse energy: 1.3 pJ, transverse
spacing modifications: 2 um. The laser beam propagation direction is
from top to bottom

generally found on both sides of the fracture plane. This
suggests that the voids were already present before frac-
turing, although the possibility that nanometre-scale parti-
cles escaped from the sample during fracturing cannot be
ruled out.

The formation of voids as a result of focussing laser
pulses inside bulk materials might be an indicator of the
presence of high-pressure silicon phases that are more
dense than diamond cubic silicon, since one mechanism
to produce such voids is by confined microexplosions that
generate pressures in the GPa to TPa range [14-17].
Regardless of the mechanism for forming voids, the
presence of voids in the bulk implies, by mass conser-
vation, the presence of corresponding regions of higher
density than unstrained diamond cubic silicon. Therefore,
establishing whether high-pressure silicon phases are
present was a specific goal of the analysis of subsurface
modifications by TEM and Raman spectroscopy (see
Sect. 3.3 and 3.4).

3.3 Transmission electron microscopy

A scanning transmission electron microscopy (STEM)
high-angle annular darkfield (HAADF) micrograph of a
cross section along the optical axis of the laser beam is
shown in Fig. 5. Two modifications that were created by a
single laser pulse are visible. STEM was selected instead of
conventional TEM, as the lamella had to be kept relatively
thick to maintain its structural integrity.

The irregular cracks that run from the top of the
modifications to the protective platinum layer on the wafer
surface appeared during the ion beam milling and are not a

Fig. 5 STEM-HAADF micrograph of two subsurface modifications
obtained by stitching two images (top and bottom). Cross section:
along the optical axis. Transverse spacing modifications: 5 pm.
Wavelength: 1549 nm, pulse duration: 3.5 ns, pulse energy: 0.6 pJ.
The propagation direction of the laser beam is from top to bottom. A
platinum layer was deposited on the wafer surface before ion milling

direct result of the laser process. Cracks are also visible
inside the modifications, which coincide with the optical
axis of the beam. Since these cracks were not present in
lamellae perpendicular to the optical axis, they should also
be attributed to stress relief during the ion milling process.

A conventional TEM micrograph of a cross section
perpendicular to the optical axis of the laser beam is shown
in Fig. 6. This cross section corresponds to a location
within a few micrometres of the focus of the laser beam. In
Fig. 6, the followings features can be observed: a square
pattern centred on the optical axis; defect lines radiating
out from the corners of the square pattern; unmodified
material surrounding the square pattern with the same
diamond cubic crystal structure and orientation as the un-
processed wafer; and bend contours within the TEM
lamella.

Additional TEM micrographs of cross sections perpen-
dicular to the optical axis of the laser beam are shown in
Figs. 7 and 8. These cross sections also correspond to a
location close to the focal plane. Moreover, the modifica-
tions were produced using the same wavelength, pulse
energy and pulse duration. Nevertheless, significant
stochastic variations are present. Based on selected area
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Fig. 6 TEM micrograph (brightfield) of a subsurface modification.
Cross section: perpendicular to the optical axis. Wavelength:
1549 nm, pulse duration: 3.5 ns, pulse energy: 2 uJ

Fig. 7 TEM micrograph (brightfield) of a subsurface modification.
Cross section: perpendicular to the optical axis. The processing
conditions used to generate this modification were identical to those
used for Figs. 6 and 8

diffraction patterns that were recorded, it was found that
the square pattern in Fig. 6 is amorphous, while diamond
cubic silicon with a high concentration of lattice defects is
present near the optical axis in Figs. 7 and 8. The crys-
talline material with defects has the same orientation as the
base material. No holes are visible to associate with the
voids shown in Fig. 4. This may be due to the fact that the
chance of finding a void in TEM cross sections is small
because of their random distribution and low density.

In two modifications, out of a total of 27 that were
analysed, crystalline material was detected at a location
along one of the defect lines that was not diamond cubic

@ Springer

Fig. 8 TEM micrograph (brightfield) of a subsurface modification.
Cross section: perpendicular to the optical axis. The processing
conditions used to generate this modification were identical to those
used for Figs. 6 and 7

silicon. Indeed, there were diffraction spots in selected
area diffraction patterns that did not match the d-spacing
of any set of planes corresponding to diamond cubic
silicon. This was the case for the modification that is
shown in Fig. 8 for the area labelled “phase-transformed
region”. The d-spacings of the additional spots matched
Si-m and Si-xu that have previously been identified in
nanoindentation studies [39] and fs laser irradiations [40]
of silicon. The number of detectable diffraction spots
from such phases was insufficient to identify the recip-
rocal lattice. Therefore, Raman spectroscopy was em-
ployed as a second means of obtaining information about
the lattice structure of high-pressure phases within laser
modifications (see Sect. 3.4).

3.4 Raman spectroscopy

In addition to selected area diffraction, Raman spec-
troscopy was employed to identify the phases that were
present in the laser-modified material. A reference spec-
trum was recorded of material that was not modified by the
laser beam. Any deviation from the reference spectrum
indicates that laser-modified material may be present.

Phase-changed material was consistently found, with no
clear correlation with the location along the optical axis. A
comparison of the Raman spectra of unmodified and
modified silicon is shown in Fig. 9. A strong peak is ob-
served around a Raman shift of 360 cm™', which indicates
the presence of Si-u/Si-xu phases [41]. Previously, both
phases were found to coexist in nanoindentation ex-
periments [41], and we suggest that this is also the case in
the phase-transformed region of Fig. 8, although we have
insufficient Raman and TEM diffraction data to confirm
this.
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Fig. 10 Diagram of the shape of a cross section of a subsurface
modification perpendicular to the optical axis

4 Material modification mechanisms

In this section, the material modification mechanisms that
occurred during the laser—material interaction will be
considered based on the results presented in Sect. 3.

4.1 Melting and resolidification

The brightfield TEM micrographs showed non-axisym-
metric features including defect lines and a square pattern.
A schematic diagram of the features observed on a cross
section perpendicular to the optical axis is shown in Fig. 10.
Note that the features that are indicated are the most com-
mon ones observed in TEM micrographs, although varia-
tions are present between different modifications.

150

200 250 300 350 400

Raman shift [cm™]

450 500 550 600

The features in Fig. 10 can be explained based on the
dynamics of solidification from a melt. The temperature
profile radially out from the optical axis will determine
the extent of the molten zone: its outer extremity will
correspond to the distance where the temperature falls to
the melting point of silicon. Resolidification will occur as
the temperature rapidly drops via heat conduction to the
surrounding solid. The melt—solid interface front can
move inwards towards the optical axis at velocities of
several m/s, with the front expected to speed up as it
progresses, consistent with previous laser melting from
the surface [42]. Epitaxial growth seeded by the un-
modified diamond cubic silicon solid will occur, and this
explains why most of the material outside of the square
pattern is damage-free single crystal diamond cubic sili-
con. As a result of such perfect epitaxial silicon, it is not
possible to determine the outer extent of the melt front
and in Fig. 10 we provide a lower estimate of its
penetration depth at the extremities of the defect lines.
Indeed, the crystal directions of the defect lines and the
{100} facets of the square pattern suggest that the so-
lidification (nucleation) of epitaxial silicon is favoured on
such {100} crystal facets. Hence, the defect lines would
occur at the overlap of adjacent {100} solidification
fronts. The solid structure that is left behind after reso-
lidification depends on the speed of the resolidification
process. For crystal growth along a <100 > direction,
crystalline silicon with defects or amorphous silicon is
formed once the speed of the resolidification approaches
or exceeds 15m/s [42]. Thus, the perfect epitaxial growth
will cease along {100} facets at such solidification ve-
locities, leading to either defective crystalline material
(Figs. 7 and 8) or amorphous silicon (Fig. 6) inside a
square pattern as illustrated in Fig. 10. The dynamics of
such solidification will be discussed in more detail in a
forthcoming publication.
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4.2 Pressure-induced phase changes and void
formation

Based on the selected area electron diffraction and Raman
spectroscopy data, pressure-induced phase transformations
were found to be a contributing damage mechanism. At leasta
pressure of approximately 10 GPa is needed to phase trans-
form diamond cubic silicon [39-41, 43]. Furthermore, if the
voids are a direct result of the laser—material interaction, this
implies that space has to be available for these voids to exist,
due to either an increase in density elsewhere in the bulk of the
material or deformation extending out to the outer surface of
the sample, which is highly unlikely in silicon. Si-m/Si-xu
phases, which were detected in laser-processed samples, have
a density of approximately 2.55 - 10*kg/m? at atmospheric
pressure, compared with 2.34 - 10°kg/m? for diamond cubic
silicon [44]. Consequently, it is plausible that the formation of
voids and high-pressure phases is linked to conserve mass in
the laser-modified region.

The formation of high pressures when tightly focussing
laser pulses inside transparent materials is generally at-
tributed to confined microexplosions [14—17], causing
solid—solid phase transformations due to high pressures
induced by a shockwave. However, the high-pressure
phases that were detected during this work were found
along defect lines that were presumably formed by the
overlap of adjacent resolidification fronts, which suggests
that a liquid—solid instead of solid—solid transition took
place. According to the phase diagram of silicon [45], this
is a realistic option, as the metallic Si-u phase, which is
22 % more dense than diamond cubic silicon, can be di-
rectly formed from a pressurized liquid. Si-ut will transform
into Si-nm/Si-xu upon (partial) release of the pressure [39—
41, 43]. We suggest that, at the overlap of {100} solidifi-
cation fronts, isolated melt volumes can be trapped in
surrounding solid and the melt (which is ~ 10% more
dense than diamond cubic silicon) solidifies into Si-m/Si-xu
phases of a similar density.

5 Conclusions and recommendations

We analysed the geometry and crystal structure of laser-
induced subsurface modifications in crystalline silicon.
These modifications were created by tightly focussing
nanosecond pulses with wavelengths of 1061 and 1549 nm
inside silicon wafers.

The types of modifications of the bulk of monocrys-
talline diamond cubic silicon that we found are: (1) cracks
and voids, (2) perfectly solidified diamond cubic silicon
and silicon with lattice defects, (3) the formation of
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amorphous material and (4) the formation of Si-u/Si-xu
high-pressure phases.

While the laser beam was axisymmetric, the laser-in-
duced subsurface modifications were not. This discrepancy
is likely to be due to the regrowth of crystalline material
from a melt, implying that melting and fast resolidification
is the primary damage mechanism.

The high-pressure phases were detected in a position
where the silicon has likely undergone melting and reso-
lidification. Therefore, a different mechanism than a con-
fined microexplosion during the laser pulse is expected to
be responsible for their formation. Exploring the possibility
to measure the presence of solid, liquid and vapour phases
in real time during the laser pulse, using a pump-probe set-
up, is of interest for future research. Such information will
help to clarify the formation mechanisms of the high-
pressure phases.

The exact extent of the molten volume could not be
determined with certainty based on the transmission elec-
tron micrographs, since it is expected that the resolidifi-
cation resulted in perfect epitaxial growth of diamond
cubic silicon at the extremities of the molten zone. It is
recommended to investigate options to resolve this issue
during future research. A potential solution is to create
laser modifications inside highly doped wafers, as the
analysis of the transport of the dopant may enable the
molten zone to be identified.
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