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a b s t r a c t

We investigated the femtosecond laser ablation of silicon in a confined condition by covering the surface
of a silicon wafer with a glass slide. The ablation was carried out by either irradiating the focused spot
with different numbers of pulses or by scanning the laser beam on the surface of the silicon wafer. The
morphology of the ablated surface was characterized by scanning electron microscope. For laser fluences
much larger than the ablation threshold of silicon, cylindrical holes were generated in the confined
ablation, in sharp contrast to the conical holes observed in the ablation performed in open air.
Accordingly, grooves with U-shaped and V-shaped cross sections were achieved in the ablations carried
out in the confined condition and in open air, respectively. For laser fluences close to the ablation
threshold of silicon, the difference in the morphology of micro- and nanostructures obtained by these
two ablation methods became not pronounced and two-dimensional nanohole arrays were created on
the surface of silicon wafer. While the period of the nanohole arrays in the direction of the laser
polarization was found to be close to the laser wavelength, the period in the direction perpendicular to
the laser polarization was observed to be more than two times of the laser wavelength. In addition, the
distribution of erupted nanoparticles was also found to be different in the two ablation processes. A ring-
shaped distribution of nanoparticles was observed in the open air ablation while a monotonic decrease of
nanoparticle density along the radial direction was found in the confined ablation.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

In the last several decades, pulsed laser ablation and deposition
have beenwidely applied in various fields of science and technology
[1–5]. In this case, a laser beam with a high peak power is focused
on the surface of a material, leading to the ablation of the material
which is generally accompanied with the expansion of plasma
(plume). The ablation can be carried out in vacuum [6], in air [7], in
chemical vapors [8] and even in water [9]. The expanded plasma
can be transferred to a receiving substrate that is placed nearby,
forming nanoparticles or thin films [2,5]. In particular, laser-induced
forward transfer (LIFT) and laser-induced backward transfer (LIBT)
have been developed as two special deposition techniques [5,10–
14]. In the former case, the laser light is incident from the uncoated
side of the transparent substrate and focused at the interface
between the substrate and the thin film coated on it. The ejected
nanoparticles are deposited on the receiving wafer just behind the
ll rights reserved.

: +86 20 39310309.
film. Thus, it is required that the ablated material should be a thin
film coated on a transparent substrate. In the latter case, the laser
light is focused on a target film after passing through a transparent
substrate. Nanoparticles ejected from the target film are deposited
on the substrate. Hence, there is no special requirement for the
ablated material. Both LIFT and LIBT technology have been applied
in the fabrication of waveguides [15] and nanoparticles [14,16] as
well as in the fields of display and biosensing [16,17].

So far, pulsed laser ablation and deposition have been carried out
in different environments. In the LIFT and LIBT techniques mentioned
above, a dielectric medium is generally employed to confine the
expansion of the plasma generated by laser ablation. In these cases,
the temperature and pressure resulting from the ablation are much
higher than those achieved in the direct ablation without confine-
ment (e.g., in vacuum or in open air). As a result, the micro- and
nanostructures created by pulsed laser ablation are expected to be
different. Some initial studies have been carried out and the
difference in the morphology of the induced micro- and nanostruc-
tures was identified [14,18]. It was suggested that the multiple
reflection of the laser light between the target and the glass cover
and the backward bombardment by the confined plume were
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Fig. 1. Comparison of the micrometer-sized holes created in the confined ablation
(left column) and in the open-air ablation (right column) for different numbers (N)
of irradiated pulses ranging from 5 to 160. The laser fluence was chosen to be
1.114 J/cm2, which is much larger than the ablation threshold of silicon.
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responsible for the change in the morphology [14]. Very recently, the
possibility to generate sub-TPa pressure was demonstrated in a
confined ablation at the interface between silicon (Si) and silicon
oxide (SiO2) [19]. Since the experimental studies of ionization wave
propagation require precise positioning of the laser energy deposi-
tion in confined microexplosion conditions, a Si wafer with a
thermally oxidized transparent SiO2 layer on the surface was
employed as a target. However, a systematic investigation on the fs
laser ablation in a confined condition is still lacking. Actually, there
exist two shock waves that propagate into both the ablated material
and the confined medium. The LIFT and LIBT techniques lead to an
improvement in the mechanical properties of the ablated material
and this technique is now referred to as laser shock processing (LSP)
[20–22]. In order to utilize only the mechanical effect of the shock
wave while avoiding the thermal effect, an absorptive thin film is
usually deposited on the material to be processed. For this reason,
the effect of the shock wave on the ablation of the material has not
been studied, especially in the case when a femtosecond (fs) laser is
employed because nanosecond (ns) lasers are generally used in LSP.

In this article, we investigated the ablation of Si in a confined
condition by using fs laser pulses. The ablation was carried out by
either irradiating the focused spot with different numbers of
pulses or by scanning the laser beam on the surface of the Si
wafer. The morphology of the micro- and nanostructures gener-
ated in the confined ablation is compared in detail with that
observed in the ablation performed in open air. The effects of laser
fluence on the morphology of the generated micro- and nanos-
tructures were also clarified for laser fluences much larger or just
above the ablation threshold of Si.
2. Experimental

The Si wafer used in our experiments was 0.5-mm thick with a
surface roughness less than 5 Å. It was n-doped with a resistance
less than 0.01 Ω cm. The surface orientation of the Si wafer is
(100). A glass slide with a thickness of ∼180 μm was chosen as the
confining medium because the ablation threshold of glass is much
larger than that of Si. It was fixed on the Si wafer with a clamp.
When the ablation of Si is carried out at low laser fluence, the
nonlinear absorption of glass is negligible and the reduction in
laser fluence was caused only by the small reflection of the glass
slide. In this case, the thickness of the glass slide does not affect
the ablation of Si. In the case of large laser fluence, the reduction in
laser fluence originating from the nonlinear absorption will
become significant if a thicker glass slide is used. Horizontally-
polarized fs pulses delivered by a Ti: sapphire amplifier (Legend,
Coherent) was employed in the ablation experiments. The central
wavelength, time duration and repetition of the fs pulses were
800 nm, 100 fs, and 1 KHz, respectively. The laser beam was
focused on the surface of Si wafer through the glass cover by
using a f¼150 mm focusing lens, producing a laser spot with a
Gaussian profile and a diameter of ∼40 μm. The laser fluence was
adjusted by using the combination of a waveplate and a polarizer.
The ablation was carried out by either irradiating the focused spot
with different numbers of pulses or by scanning the laser beam on
the surface of the Si wafer. The morphology of the Si surface after
fs ablation was examined by using scanning electron microscope
(SEM) (S-3700, Hitachi). The depth profiles for the ablated holes
and scanned lines were characterized by a surface profilometry
(Alpha-Step IQ, KLA-Tencor).
3. Results and discussion

3.1. Micrometer-sized holes created at laser fluences much larger
than the ablation threshold of Si

In fs laser ablation, a micrometer-sized hole centered at the
focused spot is generally created after the ejection of nanoparticles
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for laser fluences much larger than the threshold of the ablated
material. The appearance of the hole depends strongly on the
material properties and the ablation method. The ablation thresh-
old of Si by single fs pulse was reported to be ∼0.05 J/cm2 [6]. In
our experiments, we chose a laser fluence of 1.114 J/cm2, which is
much larger than the ablation threshold of Si. A comparison of the
micrometer-sized holes generated in the confined and open-air
ablations for different numbers of irradiated pulses ranging from
5 to 160 is presented in Fig. 1. Apparently, the major difference
between the two cases is the shape of the created holes. It was
found that conical holes were formed in the open-air ablation and
cylindrical holes were obtained in the confined ablation. Basically,
the conical holes observed in the open-air ablation originate from
the Gaussian profile of the laser beam. It determines the distribu-
tion of temperature and pressure that governs the expansion of
plasma and the eruption of nanoparticles. As a result, the ablation
is more severe at the center of the laser spot and the holes created
in this case usually appear to be conical. In the confined ablation,
however, the expansion of plasma is hurdled due to the existence
of the confined medium. Consequently, the plasma is confined in a
narrow space, leading to a significant enhancement in tempera-
ture and pressure and also to a modification of their distribution.
In addition, it has been known that the duration of the laser-
induced shock wave impacted on the Si will become longer in a
confined condition [20]. Furthermore, plastic strain and residual
stress fields will be induced if the peak pressure caused by the
shock wave exceeds the Hugoniot elastic limit of Si [20,23,24]. All
these factors will affect the ablation of Si.

In a confined condition, the maximum pressure induced by
laser pulses with a Gaussian profile is proportional to the square
root of the laser power density and is independent on the laser
pulse duration or laser wavelength [20,24,25]. A peak pressure of
∼10 GPa was obtained when the laser power density was chosen to
be ∼109 W/cm2 [26]. In our case, the peak power density of the fs
pulses was estimated to be 1013 W/cm2 for an excitation spot
diameter of ∼40 μm and the resulting peak pressure is much larger
than 10 GPa. The Hugoniot elastic limits of Si in the (100), (110),
and (111) directions were reported to be 8.4, 5.6, and 5.6 GPa
[27,28], respectively. Since the peak pressure generated in the
confined ablation is larger than the Hugoniot elastic limit of Si,
plastic deformation and strain distribution were induced in the
ablation region. The surface roughness and the density of defects
are expected to increase, facilitating the subsequent ablation
process [20]. More importantly, a compressive stress in the trans-
verse direction was developed in the confined condition, similar to
the situation in LSP. This kind of compressive stress, which is
schematically depicted in Fig. 2(a), plays a crucial role in the
formation of cylindrical holes. From another point of view, the
observation of cylindrical holes provides an experimental evidence
for the existence of such kind of compressive stress that is
previously predicted by theoretical analysis [20]. Another factor
that facilitates the formation of cylindrical holes is the modification
in the distribution of temperature and pressures. In the confined
ablation, the distribution of temperature and pressure over the
Fig. 2. (a) Schematic presentation of the compressive residual stresses generated by lase
compressive residual stresses during and after the interaction and the shock wave is rep
direction due to the existence of the confinement. (For interpretation of the references to
ablated region will become relatively uniform due to the expansion
of plasma in the transverse direction, as schematically shown in
Fig. 2(b) [13].

Under high laser fluences, the ablation process becomes com-
plicated because of the high temperature and large pressure. Other
factors, such as the phase transition of Si from semiconductor to
metal which occurs at ∼13 GPa, may also influence the ablation
process. In this case, a significant reduction in the volume of Si is
expected (∼22%), leading to the strain between the ablation area
and the surrounding region [28]. More experiments are needed to
clarify the effects of these phenomena on the ablation process.

For nanosecond lasers, the time scale for plasma expansion is
shorter than pulse duration and plasma shielding results in a
decrease in the laser energy reaching the target surface. In this
case, the laser energy may be lost through absorption, reflection
and scattering. The laser energy absorbed by the plasma will
generate very high temperatures (4 5000 K) in the plasma and
result in shock waves [29]. In open air, this phenomenon does not
occur for femtosecond lasers because of their ultrashort pulse
durations and the laser energy is deposited in the target without a
laser-plasma interaction [30]. In a confined ablation, however, the
duration of the laser-induced shock wave will become longer [20].
As a result, the laser-plasma interaction may become significant at
high laser fluences, leading to a temperature much higher than
that in open air.
3.2. Scanned lines obtained at laser fluences much larger than the
ablation threshold of Si

We have shown that micrometer-sized holes can be created by
irradiating the Si surface with different numbers of fs laser pulses.
Holes with conical and cylindrical shapes can be obtained by using
ablations carried out in open-air and confined condition, respectively.
In order to further confirm the effects of plasma confinement on the
morphology of the generated micro- and nanostructures, we have
tried to ablate the Si wafer by scanning the laser beam with a fixed
laser fluence on the surface. The average number of pulses irradiated
on the excitation spot was adjusted by changing the scanning speed of
the laser beam. The SEM images of the scanned lines obtained at
different scanning speeds by using the two ablation methods are
compared in Fig. 3. It can be clearly seen that scanned lines with V-
shaped cross sections are generated in the open-air ablation while the
scanned lines formed in the confined ablation possess U-shaped cross
sections. In both cases, the depth of the scanned lines increases with
decreasing scanning speed. The V-shaped and U-shaped cross sections
of the scanned lines are in accordance with the conical and cylindrical
holes achieved in the two ablation processes.

In order to get the cross sections of the formed holes and
grooves, we have performed atomic force microscope (AFM)
measurements on the holes and grooves. Unfortunately, the
depths of the holes and grooves exceed the measurement limit
of the AFM in the vertical direction which is only 5 μm. In order to
clearly show the morphology of the ablated region, we provide the
r-induced shock wave in the confined ablation. The blue and red arrows indicate the
resented by green color. (b) Schematic of the expansion of plasma in the transverse
color in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. Comparison of the scanned lines obtained at different scanning speeds by using the confined ablation (left column) and the open-air ablation (right column).
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SEM images of the holes and grooves taken at an angle of 101, as
shown in Fig. 4. Previously, Mizeikis et al. used HF water solution
to remove the Si/SiO2 debris distributed on the surface of the Si
wafer in order to see the underneath morphology of the ablated
holes [31]. In our case, we removed such Si/SiO2 debris by
ultrasonic cleaning for SEM observation and depth profile
measurement, as shown in Fig. 4(b). Some ripples were found on
the surface near the ablated holes.



Fig. 4. Comparison of the holes and grooves obtained by using the confined ablation (left column) and the open-air ablation (right column). The SEM images were taken at
an angle of 101. The holes shown in (a) and (b) correspond to those shown in Fig. 1(g) and (h) while the grooves shown in (c) and (d) correspond to those shown in Fig. 3
(e) and (f). The nanoparticles accumulated at the edges of the holes and grooves have been removed by ultrasonic cleaning.
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In order to show more clearly the cross section of the ablated
holes and scanned lines, we employed a surface profilometry to
measure the depth profiles of the ablated holes and the scanned lines
shown in Fig. 4. The measurement results are presented in Fig. 5. The
depth profiles clearly indicate the creation of cylindrical holes and U-
shaped grooves in the confined ablation and the formation of conical
holes and V-shaped grooves in the open air ablation.

3.3. Micro- and nanostructures created at laser fluences just above
the ablation threshold of Si

As mentioned above, the ablation of Si with laser fluences much
larger than the ablation threshold of Si is rather complicated because
plastic strain and stress fields are induced by the shock wave
generated in the ablation. It has been shown that a peak pressure
exceeding the Hugoniot elastic limit of Si can be easily achieved by
using the confined ablation. As a systematic investigation of confined
ablation, it is interesting to find out the effects of laser fluence on the
morphology of the micro- and nanostructures created in the two
ablation methods. For this reason, we have tried to ablate the Si with a
laser fluence of 148 mJ/cm2, just above the ablation threshold of Si.
The micro- and nanostructures obtained by using the two ablation
methods are compared in Fig. 6 for different numbers of irradiated
pulses. In both cases, the generated micro- and nanostructures are
found to be much different from those observed at high laser fluences.

When the number of irradiated pulses is small (N¼10), one can
identify ripples with a subwavelength period appearing at the
edge of the ablation region. At the center of the ablation region,
these ripples are smeared and replaced by arrays of nanoholes.
A clearer image of such ripples, which was obtained with a
smaller number of irradiated pulses (N¼5), is shown in the inset
of Fig. 6(b). Recently, we have reported the formation of regular
nanohole arrays on the surface of Si by using fs laser ablation [32].
The physical mechanism that is responsible for the transition from
ripples to nanohole arrays was interpreted as the redistribution of
the electric field on the surface induced by the formation of
ripples. In addition, we have successfully explained the formation
of high spatial frequency periodic surface structure on metal
surface by using this physical mechanism [33].

In practice, regular nanohole arrays can be achieved by scanning
the laser beam with appropriate laser fluence and scanning speed on
the surface of Si. If laser pulses are continuously irradiated on the
same point, the nanohole arrays will be preferentially created at the
center of the laser spot where the length of ripples exceeds the critical
value for the formation of nanoholes. In a previous study, we have
shown by numerical simulation that the first maximum of electric
field begins to appear in the grooves when the length of the grooves
exceed a critical value of ∼4 μm [32]. It was found that the length and
depth of initially formed grooves are crucial for the generation of
nanohole arrays. For short and shallow grooves, the electric field was
concentrated at the center of each groove. Consequently, the subse-
quent ablation occurred preferentially at the center of each groove,
leading to the formation of a nanohole chain. For larger laser fluences,
it was expected that deeper and longer grooves would be created on
the surface. In this case, the number of the maximums in the electric
field distribution increased and a nanohole array was achieved.

At the edge of the laser spot where the ripples are shallow, no
nanohole was generated. That is the phenomenonwe observed in the



Fig. 5. Profile comparison of the holes and grooves obtained in the confined ablation (left column) and in the open-air ablation (right column) for pulse numbers N¼40 and
scanning speeds v¼1 mm/s. The holes shown in (a) and (b) correspond to those shown in Fig. 4(a) and (b) while the grooves shown in (c) and (d) correspond to those shown
in Fig. 4(c) and (d). The laser fluence was chosen to be 1.114 J/cm2, which is much larger than the ablation threshold of silicon.
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experiments. For the ablation in open-air, it is noticed that the
nanoholes created at the center of the ablation region disappeared
when the number of irradiated pulses was increased to N¼20. It is
because the ablation is more severe at the center. The nanoholes
located at the edge of the ablation region were left unmodified. A
conical hole was gradually formed with increasing number of
irradiated pulses although its shape is not as regular as that observed
at high laser fluences. In comparison, the nanoholes located at the
center of the ablation region were maintained in the confined
ablation for a large number of irradiated pulses of N¼160. They
disappeared completely at N¼1000. We think that this feature is a
benefit from the relatively uniform spatial distribution of temperature
and pressure over the ablation region caused by plasma confinement.

In Fig. 6, it is also noticed that ablation region in the open-air
condition is larger than that in the confined condition. Since the laser
fluence used in both cases was same, it is thought that the reflection
of the glass cover reduces, to some extent, the laser fluence. As a
result, the laser fluence after passing through the glass cover becomes
smaller than the ablation threshold of Si. Fortunately, the reduction in
laser fluence is partly compensated by the enhancement in tempera-
ture and pressure induced by plasma confinement. It should be
emphasized that the effects of confinement are not significant for low
laser fluences because the expansion of plasma and the eruption of
nanoparticles are not pronounced. Therefore, similar appearance and
evolution of the generated micro- and nanostructures are observed in
the two ablation processes.

The plasma confinement affects the ablation process in a com-
pletely different way when the laser fluence employed in the ablation
is just above the ablation threshold. In this case, ripples are created
after irradiating a few laser pulses when the expansion of plasma is
almost negligible. Consequently, the difference between the ablation
in a confined condition and that in open air is not obvious. After the
formation of ripples or even nanohole arrays, however, strong
localization of electric field in these nanostructures leads to severe
ablation and nanoparticle eruption. At this stage, the confinement of
plasma becomes effective and it results in uniform distributions of
temperature and pressure. As a result, the nanohole array was
maintained for a large number of laser pulses (N¼160), as shown
in the inset of Fig. 6(i). In sharp contrast, the nanohole array
disappeared at a small number of laser pulses (N¼10) and a deep
conic hole was formed at the center of the ablation region, as shown
in the inset of Fig. 6(b).

It is expected that the nonuniform distribution of temperature
and pressure on Si surface in the open-air ablation, which is close
to the Gaussian profile of the laser beam, can be smeared out in
one direction through the scanning of the laser beam. By doing so,
a relatively uniform distribution of temperature and pressure can
be achieved along the scanned lines. As a result, regular nanohole
arrays can be obtained and the difference between the two
ablation processes will become less pronounced. The SEM images
of the scanned lines generated in the two ablation processes are
compared in Fig. 7 for different scanning speeds. It is obvious that
similar two-dimensional (2D) nanohole arrays were created in the
two ablation processes, indicating that the difference between the
two ablation methods has been significantly reduced. While the
period of the nanohole arrays in the direction of the laser
polarization was found to be close to the laser wavelength, the
period in the direction perpendicular to the laser polarization was
observed to be more than two times of the laser wavelength
(∼2 μm), as indicated by the arrow in Fig. 7(b). Previously, Mizeikis
et al. observed a square-shaped nanohole array with empty core at
the Si–SiO2 interface [31]. In addition, Buividas et al. found that the
spatial period for the ripples formed on semiconductors was
determined to be λ/2n, where is the laser wavelength in vacuum
and n is the refractive index of the material [34]. By optimizing the
laser fluence and scanning speed, 1D nanohole chains and 2D
nanohole arrays with regularly arranged nanoholes could be
obtained [32]. Therefore, it is concluded that the confinement
plays less important role in the ablation carried at low laser
fluences because of the weak or absence of plasma expansion.

In Fig. 7, it is noticed that the 2D nanohole arrays obtained in
the open-air ablation appear to be better than those obtained in
the confined ablation. It is thought that the ejected nanoparticles
are tightly confined in a narrow gap between the Si wafer and the



Fig. 6. Comparison of the micro- and nanostructures created in the confined ablation (left column) and in the open-air ablation (right column) for different numbers of
irradiated pulses ranging from 10 to 1000. The laser fluence was chosen to be 148 mJ/cm2, which is just above the ablation threshold of silicon.
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glass slide in the confined ablation. As a result, the scattering,
absorption and redistribution of the laser light by these nanopar-
ticles will affect the subsequent ablation process.
Apart from the difference in the morphology of the generated
micro- and nanostructures discussed above, there also exists a
difference in the distribution of the erupted nanoparticles, as can



Fig. 7. Comparison of the scanned lines obtained at different scanning speeds by using confined ablation (left column) and the open-air ablation (right column). The laser
fluence was chosen to be 148 mJ/cm2, which is just above the ablation threshold of silicon.
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be seen in Fig. 6(k) and (l). In the open-air ablation, nanoparticles
erupt along the normal of the Si surface, forming a ring-shaped
distribution. Differently, a radial distribution of the erupted nano-
particles is observed in the confined ablation due to the existence of
confinement in the eruption direction. A comparison of the distribu-
tion of nanoparticles obtained by using the two ablation methods for
different numbers of irradiated pulses is presented in Fig. 8. In the
open-air ablation, the erupted nanoparticles exhibit a ring-shaped
distribution circling the central hole, as can be seen in the right
column of Fig. 8. The diameter of the ring was estimated to be
∼100 μm. The distribution of nanoparticles around the ring appears to
be broad for numbers of irradiated pulses (N¼5, 10). With increasing
number of irradiated pulses (N¼20), the distribution of nanoparticles
around the ring becomes narrower. In the confined ablation, the
situation is completely different. For numbers of irradiated pulses
(N¼5, 10, and 20), the density of erupted nanoparticles exhibits a
monotonic decrease along the radial direction, as shown in Fig. 8(a),
Fig. 3(c) and (e). However, the diameter of the ring appeared to be
smaller (∼80 μm) in this case.

We think that the distribution of erupted nanoparticles is
mainly governed by the expansion of plasma. In the open-air
ablation, the eruption of nanoparticles originate from the Gaussian
profile of the laser beam. It determines the distribution of
temperature and pressure that governs the expansion of plasma
and the eruption of nanoparticles. Thus, the ring-shaped distribu-
tion of nanoparticles is easily understood. For the confined
ablation, most erupted nanoparticles were deposited on the glass
cover and it forms the basis of LIBT. Therefore, it can be seen in
Fig. 8 that the density of nanoparticles distributed on the Si surface
is smaller than that achieved in the open-air ablation. In addition,
the expansion of plasma in the transverse direction will modify
the way nanoparticles erupt, leading to the distribution of nano-
particles that decreases almost monotonically along the radial
direction observed in the experiments.

It has been demonstrated that the confinement of plasma plays a
crucial role in the LIFT and LIBT techniques by which the distribution
of erupted nanoparticles can be controlled. Previously, the LIBT
technique was employed by Liu et al. to realize continuous variation
of gray scale bitmap images and phosphorescent images [13,14]. In
addition, these techniques can be employed to fabricate surface
channels for microfluid and waveguides. Furthermore, the cylindrical
holes and U-shaped grooves obtained in the confined ablation further
confirms the existence of the stress perpendicular to the laser light
predicted in the LSP [20], providing a way for exerting stress on the
target material in the LSP.
4. Conclusion

We have investigated the effects of plasma confinement on the
ablation of Si by covering the Si surface with a glass slide. For fs laser
ablation carried out at laser fluences much larger than the ablation



Fig. 8. Comparison of the distribution of nanoparticles obtained by using the confined ablation (left column) and in the open-air ablation (right column) for different
numbers of irradiated pulses ranging from 5 to 20. The contrasts of the images have been enhanced in order to clearly show the distribution of the erupted nanoparticles on
the silicon surface. The laser fluence was chosen to be 1.114 J/cm2, which is much larger than the ablation threshold of silicon.
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threshold of Si, it was found that cylindrical holes and U-shaped
lines were created in the confined ablation when irradiating the
focused spot with fs laser pulses or scanning the laser beam on
the Si surface. In comparison, conical holes and V-shaped lines
were observed in the open-air ablation. For laser fluences just
above the ablation threshold of Si, the difference in the morphol-
ogy of micro- and nanostructures obtained by these two ablation
methods became not pronounced. In this case, 2D nanohole
arrays were created by either irradiating the focused spot with
different number of pulses or scanning the laser beam on the Si
surface. While the period of the nanohole arrays in the direction
of the laser polarization was found to be close to the laser
wavelength, the period in the direction perpendicular to the
laser polarization was observed to be more than two times of the
laser wavelength. The distribution of erupted nanoparticles was
also found to be different in the two ablation processes. While a
ring-shaped distribution of nanoparticles was observed in the
open air ablation, a monotonic decrease of nanoparticle density
along the radial direction was found in the confined ablation. The
results presented in this work are helpful for the use of confined
ablation in the fabrication of micro- and nanostructures.
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