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As femtosecond lasers emerge as viable tools for advanced microscale materials processing, it
becomes increasingly important to understand the characteristics of materials resulting from
femtosecond laser microablation or micromachining. We conducted transmission electron
microscopy experiments to investigate crater structures in silicon produced by repetitive high power
femtosecond laser ablation. Comparable experiments of nanosecond laser ablation of silicon were
also performed. We found that an amorphous silicon layer that is typically produced in nanosecond
laser ablation is absent when the material is irradiated by high power femtosecond laser pulses.
Instead, only a defective single crystalline layer was observed in the high power femtosecond
laser-ablated silicon crater. Possible mechanisms underlying the formation of the defective single
crystalline phase are discussed. © 2009 American Institute of Physics. [DOI: 10.1063/1.3052693]

Lasers that can produce photon pulses with duration in
the femtosecond regime opened up new frontiersin materials
processi ng.1 Applications such as machining of microscale
and nanoscale features and deposition of nanostructured
films depend upon an understanding of the complex laser-
material interaction processes resulting from high power
femtosecond laser irradiation. Single crystal silicon has been
a model system for studying the basic characteristics of
laser-ablated materials, in connection to many electronic ap-
plications. Previous materials research efforts on repetitive
femtosecond laser interaction with silicon have been mostly
based on either using low (<0.1 J/cm?) or moderate (up to
3.0 J/cm?) laser fluences,>* as well as using a large number
of pulses in a reactive background gas.* It was found that a
thin amorphous silicon layer can be created after laser abla-
tion when the fluences are not much above the ablation
threshold for forming a crater on laser-irradiated silicon
surface.® From the point of view of femtosecond laser micro-
machining or deposition, desirable fluence for repetitive
laser irradiation would be well into the ablation regime. In
view of the significance of the respective applications as well
as the very limited literature reports on the structural charac-
teristics of high power laser-ablated materials, we have fo-
cused our effort on examining a high laser fluence regime
(~28 J/cmd).

Laser-machined lines were generated in a (001) Si wafer
using a frequency tripled Ti:sapphire femtosecond laser
(Spectra-Physics) with a wavelength of 266 nm and a pulse
duration of approximately 120 fs. The same experiments
were conducted using a frequency quadrupled neodymium-
doped yttrium aluminum garnet (Nd:YAG) laser (Coherent)
with a wavelength of 266 nm and a pulse duration of 4 ns.
Both lasers were operated at a 10 Hz repetition rate. The
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Nd:YAG laser-ablated sample was scanned at 100 um/s,
and the Ti:sapphire sample was scanned at 20 um/s. Differ-
ent scan rates were used as femtosecond and nanosecond
laser pulses have different spot sizes. The scan rate does not
affect comparing femtosecond and nanosecond laser ablated
craters, as long as the spots under study receive multiple
laser shots. After laser ablation, the silicon sample was cut
into thin slices using a diamond saw, thinned to optical trans-
parency by dimpling, attached to a transmission electron mi-
croscopy (TEM) grid, and then thinned to electron transpar-
ency using an Ar ion mill.

The ablation crater size was measured optically using a
white light interferometer. An energy of 92 wJ/pulse and a
crater size of 20 um was used for femtosecond laser abla-
tion, while a 547 wJ/pulse energy and 50 um crater was
used for nanosecond laser ablation. These conditions corre-
spond to alaser fluence of approximately 28 J/cm? for both
cases. The prepared samples were investigated using a JEOL
3010 TEM, and representative TEM images are presented in
this report. Due to the relatively large size of the ablation
craters, multiple low magnification images were necessary to
image the crater.

For the nanosecond laser-ablated crater, the boxed image
in Fig. 1 was patched together from 19 separate images. For
clarity, a representative schematic is also shown in Fig. 1.
Inspection of the nanosecond laser created crater revealed
three separate regimes. The top regime [Fig. 1(a)] was in-
spected using selected area electron diffraction (SAED) and
is composed of primarily amorphous silicon. The thickness
of this regime was measured at 100 locations around the
crater and the average thickness was about 1 um with a
standard deviation of 300 nm. The region in Fig. 1(b) is a
fundamentally different regime than the region in Fig. 1(a).
The SAED pattern from the region in Fig. 1(b) reveals that
the original crystalinity of the Si wafer was preserved in this
regime. Bright field imaging shows that there is a high den-
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SAED (a)

FIG. 1. Cross-sectional TEM image from the nanosecond |aser-ablated sili-
con. A schematic is shown displaying the three regimes present after abla-
tion. (a) is an amorphous regime, (b) is a single crystal with a high defect
density, and (c) is the underlying undamaged single crystal Si substrate. A
bright field image is shown of the three regimes and a SAED pattern is
shown for regions (a) and (b).

sity of defects in this region. The average thickness was
found to be 600 nm, with a standard deviation of 200 nm.
The region in Fig. 1(c) is the undamaged, unaffected silicon.
The thin dark lines evident in region 3 are bend contours.

High magnification was used to directly image the amor-
phous regime in Fig. 1(a); the results are shown in Fig. 2(a).
Figure 2(b) shows an image of a converged electron beam
with a spot size of approximately 10 nm. This nanobeam is
utilized for measuring electron diffraction of the amorphous
regime; the corresponding nanobeam electron diffraction
(NBED) pattern is given in Fig. 2(c). The pattern is mostly
amorphous with individual bright spots corresponding to dif-
fraction from very small crystallites. The change from a crys-
talline to an amorphous phase is indicative of a phase
change, as severe undercooling of silicon melt coupled with
a high cooling rate can result in amorphization of liquid sili-
con after laser ablation.®

The TEM results for femtosecond laser-ablated silicon
are given in Fig. 3, where a schematic is also used to illus-
trate different observed regimes. In the case of the high
power femtosecond laser-created crater, no amorphous re-
gime was found. The area near the surface was examined in
an effort to identify an amorphous regime similar to that
observed in Figs. 1(a) and 2 using high magnification bright
field imaging (SAED) and NBED investigations. However,
no such regime could be identified. The bright field image in
Fig. 3 clearly shows only two regimes. The highly defective,
yet crystalline regime, exists at the surface of the crater as
shown in Fig. 3(b), and below lays the undisturbed Si sub-
strate, as shown in Fig. 3(c). The different SAED patterns
shown for Figs. 3(b) and 1(b) are caused by investigation
under different TEM tilt conditions, and therefore correspond

FIG. 2. (a) Bright field image of the grains in the amorphous regime. (b)
Image of the NBED spot. (c) Corresponding NBED pattern.
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FIG. 3. Cross-sectional TEM image from the femtosecond laser-ablated
silicon. A schematic is shown displaying the two regimes present after ab-
lation. (b) is a single crystal with a high defect density and (c) is the under-
lying undamaged single crystal Si substrate. A bright field image is shown of
the two regimes and a SAED pattern is shown for region (b). The insert (d)
is an optical dark field image of a section of fs laser produced line.

to different zone axes. Both samples are crystaline in this
regime, but contain a high defect density. The thickness of
the defect regime for the femtosecond laser ablation case was
measured to be 400 nm thick on average, with a standard
deviation of 200 nm.

The resolidification of melted silicon during laser an-
nealing has been extensively studied. Silicon melt regrowth
has been observed to occur as amorphous, polycrystalline,
and single crystalline. A thin liquid melt may resolidify epi-
taxially under proper conditions, as determined by the inter-
face response function of the material, which depends on the
amount of supercooling and the resolidification front veloc-
ity, as well as a host of material properties.7'8 As the cross-
sectional TEM imagesin Fig. 4 reveal, melting and epitaxial
resolidification may have occurred following high power
femtosecond laser irradiation of silicon, yielding defective
crystal growth. The same defective crystalline layer appears
in the nanosecond laser-ablated crater as well [Fig. 1(b)] but
in this case an amorphous phase exists above the defective
region [Fig. 1(a)].

Alternatively, the observed highly defective crystalline
region for both high power femtosecond and nanosecond
laser-ablated silicon isindicative of large mechanical stresses
during ablation.? Peak pressures in the GPa range have been
predicted to occur during laser ablation.*® Molecular-
dynamics simulations have shown that dislocations may be
caused by the large thermomechanical stresses that occur
during ablation.™* Thus dislocation formation can occur via

FIG. 4. Cross-sectional TEM image from thefjlaser-ablated silicon. (a)
Bright field and (b) a dark field image in the [313] dark field condition.
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laser-induced shockwave interaction and throughout the ab-
lation process when a thermomechanical stress is built up.
Consequently, the defective single crystalline regime may
form due to large thermomechanical stress. A shock wave
propagating into the laser-ablated silicon also yields a large
defect density in the otherwise perfect silicon crystal. These
defects can grow into the hot but unmelted silicon, exhibiting
a metal-like flow. Dislocations have been observed to flow
freely in silicon at temperatures above 725 K,* as well as at
room temperature under very high pressures.™

It isalso interesting to observe that the crater rim (Fig. 3)
of femtosecond laser-ablated silicon is defective single crys-
talline, as compared to amorphous crater rim (Fig. 1) that
resulted from nanosecond laser ablation. Previous in situ
nanoindentation TEM studies observed metal-like extrusions
resulting from llalastic deformation in the absence of a phase
transformation.** The raised rims around the nanoindented
crater exist in a defective single crystalline phase. Thus it is
possible to form a raised crater rim in the absence of liquid
resolidification simply by the action of a metal-like flow of
dislocations in silicon, which is under high temperature and
extreme pressure. A slight change (<2°) was observed in the
zone axis orientation between the unaffected bulk single
crystalline silicon and the defective single crystal regime,
which can be explained as the result of the strain during laser
ablation. This scenario does not rule out melting in the case
of femtosecond laser ablation of silicon, but implies that the
melt is perhaps more efficiently removed from the crater than
in the case of nanosecond laser ablation, wherein a large
amorphous regime is observed.

In summary, TEM investigations of high power femto-
second and nanosecond laser-ablated silicon are performed.
A cross-sectional view of the nanosecond case revealed an
amorphous surface regime of approximately 1 um in depth,
followed by a 600 nm defective crystalline regime. The high
power femtosecond laser ablation crater did not show any
amorphization, but a 400 nm defect crystalline layer was
created. This defective crystalline layer can result from a
laser-induced stress mechanism due to shockwave or thermo-
mechanical deformation. The missing amorphous regime in
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the case of high power femtosecond laser-ablated silicon as
compared to nanosecond laser ablation is indicative of less
residual energy left in the substrate after ablation. We expect
that this current study would generate interests in modeling
structural evolution under laser ablation, which will yield
more insight into the dominant mechanism for the formation
of a defective single crystaline layer in the absence of the
amorphous phase.
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