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During the formation of sub-wavelength ripples, the initial surface plasmon (SP)-laser interference plays an
important role. In this Letter, the effects of grating structures on the distribution of the absorbed laser intensity,
SP-laser coupling, free electron distributions, and ablation shapes are investigated by the plasma model, taking
into consideration both the laser wave-particle duality and the transient localized changes of material properties.
The simulation results show that the grating structures can strongly enhance the energy absorption and SP-laser
coupling, which makes the fabrication of sub-wavelength ripples more efficient. It is also found that the ablation
shapes, in terms of ablation depths and sub-wavelength ripples periods, are strongly related to the grating
structures, which can be used to control micro/nanostructures precisely and uniformly.
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A femtosecond laser pulse in some aspects fundamentally
changes the laser-material interaction mechanisms as com-
pared with a long pulse. Femtosecond lasers are currently
becoming very common tools for laser materials processing,
both in fundamental investigations and for wvarious
applications such as optical waveguides®?, microfluidic de-
vices2?, and bioscaffolds?. Laser-induced periodic surface
structures (LIPSS/ripples) can be observed on various ma-
terials and are almost a universal phenomenon®2Y, which is
of great interest for various applications*:? Rlpples with
periods close to the wavelengths of the incident lasers are
caused by the interference between the incident laser waves
and the surface scattered waves®. Also, sub-wavelength
ripples with periods significantly smaller than the incident
laser wavelengths are reported. Lots of processing param-
eters affect the formation of sub-wavelength ripples
strongly, including the central wavelength?, incidence
angle, pulse number™, laser fluence™®2, polarization2,
pulse delay?, and processing environments22J. The inter-
ference between the incident laser and the laser-induced
surface electromagnetic wave is the most widely accepted
explanation of sub-wavelength ripples formation22,

There are also some other hypotheses to explain the phe-
nomenon, e.g., self-organization2 second harmonic gen-
eratlon[”, and the Coulomb explosmn . As mentioned
above, one crucial parameter for sub- wavelength formation
is the pulse number22Y due to the strong effects of
initial grating structureb on surface plasmon (SP)-laser
couplingZ However, it remains a significant challenge
to effectively control sub-wavelength ripples fabrication,
which requires a new theoretical and experimental
understanding.

In this Letter, a plasma model that considers both
the laser wave-particle duality and transient localized
changes of material properties is employed to investigate
the interaction between the laser and fused silica. The
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focus of this study is the effects of grating structures on
the distribution of the absorbed laser intensity, SP-laser
coupling, free electron distributions, and ablation shapes.
It is found that the grating structures strongly enhance
SP-laser coupling, which makes the fabrication of sub-
wavelength ripples more efficient. The ablation shapes
(including periods of sub-wavelength ripples and ablation
depths) can be manipulated by designing the grating
structures, which can be used to control micro/nanostruc-
tures precisely and uniformly.

In the proposed model, it is assumed that the incident
laser with the transverse magnetic field propagates along
the z-axis:

= t2 2
H;(t,r,z) = H, exp(—2 In 2t_2_7"_2) exp(—a(t,r, 2)z)
p 7o
x exp(i(k,r+ k,z) — iwt), (1)

where H, and H;(t,r,z) are the peak incident magnetic
field and the envelope of the incident magnetic field,
respectively. For a given amplitude H;(¢, r, z) of the mag-
netic vector, t represents the time, r represents the dis-
tance to the Gaussian beam axis, and z represents the
depth from the surface of the bulk material. #, represents
the pulse duration, r, represents the radius of the laser
beam, k, represents the wave number along the r-axis,
k, represents the wave number along the z-axis, and
the laser center frequency is represented by w.

At the interface between a dielectric with a permittivity
ep and the air with a permittivity e, if the value of the
real component of the complex dielectric function is less
than —1, the SPs can be resonantly excited by the cou-
pling between the surface electrons of the dielectric and
the incident field, which is characterized by surface
electromagnetic waves. The distribution of each compo-
nent A of the electric and magnetic fields at frequency
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® in a plane surface electromagnetic wave traveling along
the r-axis has the form2 of A(t, r, z) = A, exp(iwt — k,r).
The coupling field is the superposition of the incident field
and the SP field, as detailed in Ref. [26].

It is assumed that the laser focus point is at the surface
of the material, z = 0. At surface, the partially reflected
laser beam is I(t,7,0) = 2F/(y/z/In 2t,)(1 — R(t, 7)),
where F' is the laser (peak) fluence. The laser intensity
inside of the bulk materials is expressed as

I(t,r,2) = |E(t,r,2) x H(t, 1, 2)|. (2)
The free electron generationZ2 is calculated by the
following equation:

on,(t
PAbTD) it et 2)

T N TR S UL RC)

where n,(t, r, z) is the free electron density, 7 is the free
electron recombination time, @; is the impact ionization
constant, and &y is the cross section of N photon absorp-
tion. The Drude model is used to determine the optical
properties of the ionized dielectrics. The absorption
coefficient and the reflectivity on the surface can be deter-
mined by the Fresnel expression, as detailed in Ref. [26].
During the laser pulse duration, the lattice temperature in
K (T)) is assumed to be a constant (300 K), and the elec-
tron temperature (7,) is determined by22

aTe(t7 /r’ z)

Ce(Teane)ne(tv r) Z) at

=y (t,r,2)I(t, 1, 2),
(4)

where C, is the specific heat of free electrons.

The numerical procedure in this study is as follows.
The spatial and temporal dependents of the free electron
densities, optical properties, thermal properties, and free
electron temperatures are calculated using the following
iterative scheme: (a) by considering the incident laser
as electromagnetic waves, the distribution of the laser in-
tensity is calculated by solving Eq. (2), (b) by considering
the electrons/plasma of the materials as particles, the dis-
tribution of the electron densities is calculated by solving
Eq. (3), (¢) the distribution of the electron temperature is
calculated by solving Eq. (4), (d) the spatial and temporal
dependence of the optical properties and thermal proper-
ties are then updated, and (e) in the next time step, the
iterative scheme is continued until the end of the pulse
duration.

Using the plasma model that considers both the laser
wave-particle duality and the transient localized changes
of material properties, we investigate the effects of grating
structures on the distribution of the absorbed laser inten-
sity, SP-laser coupling, free electron distributions, and
ablation shapes. This study calculates a linearly polarized
laser pulse train (the wavelength of 800 nm, the pulse

duration of 50 fs) ablation of fused silica. Laser pulse trains
are considered as a train with two pulses with a separation
time of 50 fs at a fluence of 4.0 J/cm?. The rectangle wave-
grating structures fabricated on the surface are described
by three structural parameters, w, h, and d, which denote
the width, depth, and period of the grating, respectively.
The schematic diagram of the grating structure is as
shown in Fig. 1.

Based on our previous study22J, free electrons are
gradually generated by photoionization and impact ion-
ization during the interaction between the laser and fused
silica. With the increase of the free electrons, the optical
properties and thermal properties of the materials are sig-
nificantly changed, leading to changes in the intensity
distributions. Figure 2 shows the spatial distributions of
the incident intensities at 120 fs and different grating
constants: (a) flat structure (grating constant w = 0 nm,
d=0nm, h=0nm), (b) grating constant w = 50 nm,
d =100 nm, h=10nm, (c) grating constant w=
50 nm, d = 120 nm, h = 10 nm, and (d) grating constant
w=70nm, d=120nm, h=10nm. As shown in
Fig. 2(a), the incident intensity in the central area is
strongly reshaped due to the strong reflectivity from
the surface. After reflection, the distribution of the
absorbed laser field occurs with spatially periodic patterns
in the central area. As compared with the case in Fig. 2(a),
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Fig. 2. Spatial distributions of incident intensities at 120 fs
and different grating constants: (a) flat structure (w =0 nm,
d=0nm, h=0nm), (b) grating constant w =50 nm, d =
100 nm, h =10 nm, (c¢) grating constant w =50 nm, d=
120 nm, A =10 nm, and (d) grating constant w = 70 nm,
d =120 nm, h = 10 nm.
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the grating-assisted absorption is obviously enhanced,
which makes the spatial periodic patterns of the intensity
distribution clearer. As shown in Figs. 2(b)-2(d), the
enhanced laser intensity is mainly localized in the grooves.
The simulation result shows that periods of patterns are
different at various grating constants, which are in agree-
ment with the periods of the grating structures. Hence,
the absorbed laser field can be adjusted by designing
the structures of the gratings.

During the formation of sub-wavelength ripples, the
interference between the SPs and the incident laser plays
an important role?. Figure 3 shows spatial distributions
of SP-laser coupling intensities at 120 fs and different gra-
ting constants: (a) flat structure, (b) grating constant
w =50 nm, d = 100 nm, h = 10 nm, (c) grating constant
w =50 nm, d = 120 nm, A = 10 nm, and (d) grating con-
stant w = 70 nm, d = 120 nm, hA = 10 nm. As shown in
Figs. 3(b)-3(d), it is easily found that the grating struc-
tures can significantly enhance the SP-laser coupling,
and the SP-laser coupling intensities are much more
intense in the grooves, which is in agreement with the
simulation results in Ref. [39]. The simulation results also
show that grating-assisted SP-laser coupling makes the
spatial periodic pattern of the coupling intensity more
uniform.

Based on our previous study2?, the spatial periodic pat-
tern of the coupling intensity leads to the periodic distri-
bution of free electrons and surface structures. According
to our assumption??, if the densities of free electrons are
greater than the critical density, the ablation has started.
As shown in Fig. 4, the lines trace the locations with the
critical density, and the crater curve marks the boundaries
at which the critical electron density is reached. As shown
in Fig. 4, it is easily found that the grating constants
strongly affect the morphologies of the surface structures.
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Fig. 3. Spatial distributions of SP-laser coupling intensities at
120 fs and different grating constants: (a) flat structure, (b) gra-
ting constant w = 50 nm, d = 100 nm, A = 10 nm, (c) grating
constant w = 50 nm, d =120 nm, A = 10 nm, and (d) grating
constant w = 70 nm, d = 120 nm, A = 10 nm.
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Fig. 4. Spatial distributions of free electron density and
ablation shapes at the end of laser pulse train irradiation and
different grating constants: (a) flat structure, (b) grating con-
stant w = 50 nm, d = 100 nm, A = 10 nm, (c) grating constant
w =50 nm, d =120 nm, h =10 nm, and (d) grating constant
w="T70 nm, d =120 nm, A = 10 nm.

The simulation results show that the radii of the ablation
craters are independent of the grating structures. The ra-
dius of the ablation crater is 290 nm. The ablation depths
and the periods of sub-wavelength ripples are strongly af-
fected by the grating structures, as shown in Fig. 4. As in
the flat structure case shown in Fig. 4(a), the maximum
ablation depth is 138 nm, and the period of the sub-wave-
length ripple is about 80 nm. As shown in Fig. 4(b), the
maximum ablation depth is 250 nm, and the period of sub-
wavelength ripple is about 100 nm. The period of the sub-
wavelength ripple (about 120 nm) in Fig. 4(c) is the same
as that in Fig. 4(d). As shown in Fig. 2, the field intensity
is localized in the grooves, which leads to the enhancement
of SP-laser coupling in the grooves. Hence, more free
electrons can be generated in the grooves than in the
ridges between the grooves, which causes the dependence
between the period of the sub-wavelength ripple and the
grating structures. However, the maximum ablation
depths are different. For the case of the grating constant
with w = 50 nm and d = 120 nm, the maximum ablation
depth is 280 nm. As shown in Fig. 4(d), the maximum
ablation depth is 250 nm. The simulation results show
that the control of the sub-wavelength ripples can be
conducted by designing grating structures. It can be used
to adjust micro/nanostructures precisely, uniformly, and
efficiently.

In conclusion, the periods of sub-wavelength ripples are
mainly determined by the interference between the SPs
and the incident laser during the femtosecond laser pulse
trains processing of fused silica. The initial SP-laser cou-
pling plays an important role during the formation of sub-
wavelength ripples. This Letter investigates the effects of
grating structures on the distribution of the absorbed laser
intensity, SP-laser coupling, and the ablation shapes by a
plasma model that considers both the laser wave-particle
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duality and the transient localized changes of material
properties. The simulation results show that the grating
structures strongly enhance the absorbed laser intensity
and SP-laser coupling and make them concentrate on
the grooves. The uniform periodic patterns of energy in
agreement with the grating structures make the sub-
wavelength ripples depend on the grating parameters,
which makes the fabrication of the sub-wavelength ripple
more efficient.
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