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In this paper, an effective method is proposed to generate specific periodical surface structures. A 532 nm linearly polarized
laser is used to irradiate the silicon with pulse duration of 10 ns and repetition frequency of 10 Hz. Laser-induced periodic
surface structures (LIPSSs) are observed when the fluence is 121 mJ=cm2 and the number of pulses is 1000. The threshold of
fluence for generating LIPSS gradually increases with the decrease of the number of pulses. In addition, the laser incident
angle has a notable effect on the period of LIPSS, which varies from 430 nm to 1578 nm, as the incident angle ranges from
10° to 60° correspondingly. Besides, the reflectivity is reduced significantly on silicon with LIPSS.

Keywords: laser-induced periodic surface structure; nanostructures; fluence; number of pulses; incident angle.
DOI: 10.3788/COL202220.013802

1. Introduction

Since Birnbaum[1] first, to the best of our knowledge, obtained
laser-induced periodic surface structures (LIPSSs) by utilizing a
pulsed ruby laser to irradiate a semiconductor in 1965, LIPSS has
been widely used in many fields, such as controlling structural
colors[2,3], producing hydrophobic and hydrophilic surfaces[4,5],
reducing bacterial adhesion and forming biofilms[6], enhancing
friction properties[7], optical waveguide[8,9], and optical infor-
mation storage[10]. For various materials including metals[11],
dielectrics[12,13], semiconductors[14], and recently researched
2D materials[15], LIPSS can be formed by irradiating the surface
of the materials with a linearly polarized laser of appropriate flu-
ence[16]. People have shown extensive interest in the formation
mechanism and process of LIPSS, especially on the silicon (Si)
surface. Si being a key material in electronics and optical com-
munications, strategies for turning Si into a material that allows
light emission are of great interest[17]. Besides, porous Si has
been identified as a suitable candidate to provide efficient lumi-
nescence due to the presence of crystalline Si nanostructures.
Furthermore, light-emitting Si devices could result in a new gen-
eration of Si chips and extend the functionality of Si technology
from microelectronics into optoelectronics eventually[18].
However, the band gap of crystalline Si is 1.11 eV, which makes
it difficult to absorb a laser with wavelengths greater than
1100 nm, and it has a relatively high reflectivity for visible to

near-infrared (NIR) light. These deficiencies restrict the devel-
opment of crystalline Si. Laser-induced micro-nano structures
can effectively reduce the reflectivity of Si, thereby enhancing
the absorption of the laser.
In recent years, most of the works on LIPSS have adopted

femtosecond and picosecond laser pulses[19,20]. A femtosecond
laser was used to produce LIPSS on metal and semiconductor
samples with different structural colors, and it was found that
LIPSS has a greater impact on the reflective properties of the
material[21]. The papers of nanosecond pulsed lasers to produce
LIPSS are relatively rare compared to that of femtosecond and
picosecond lasers[22]. In fact, nanosecond lasers can reduce costs
of equipment and provide higher single pulse energy[23].
Nanosecond lasers were used to generate LIPSSs perpendicular
to the laser polarization on semiconductors such as InP, GaAs,
GaP, and SiC[24]. LIPSS in SiO2 substrates covered with a three-
layer compoundwas investigated using a single nanosecondNIR
laser pulse[25], and it was proved that the LIPSS period depended
on the laser parameters such as pulse energy, pulse duration, and
the characteristics of the material layer; the LIPSS can be manip-
ulated by changing these influencing factors simultaneously.
Many parameters such as laser wavelength, pulse duration,

fluence, polarization, pulse number, incident angle, and refrac-
tive index of environmental media could affect the period size or
surface morphology of LIPSS. Nuernberger et al.[26] found that
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when the incident angle increased from 0° to 70°, the period of
LIPSS increased from 520 nm to 4.4 μm for a p-polarized laser
and from 520 nm to 1.2 μm for an s-polarized laser on stainless
steel. Gemini et al.[14] investigated LIPSS formed by a femtosec-
ond laser on the surface of Si and SiC and found that the period
increased from an average value of approximately 600 nm for a
high number of pulses (N > 50) to a value of approximately
760 nm for a small number of pulses (N < 25). In this Letter,
we demonstrated the general formation of LIPSSs on the Si sur-
face produced by nanosecond laser pulses with different fluences
and pulse numbers. Meanwhile, we analyzed the angular
dependence of LIPSS periodicity. Besides, we found the antire-
flection effect on Si with LIPSS.

2. Experimental Setup

A diagram of the experimental setup is illustrated in Fig. 1,
where a Nd:Y3Al5O12 (Nd:YAG) nanosecond laser amplifier
was employed as an irradiation source to deliver polarized pulse
trains at the repetition rate of 10 Hz, with central wavelength of
532 nm and pulse duration of 10 ns. The maximum single pulse
energy delivered by the laser system is 46 mJ. The f1 and f2 are
lenses to collimate the beam to ∼3.7mm. Half-wave plates
(HWP1 and HWP2) are used to adjust the polarization of the
laser. HWP1 and the polarizer were combined into an attenuator
to control the energy. HWP2 was employed to change the light
polarization from the horizontal to vertical direction. The num-
ber of shots was controlled by the laser controller. The laser was
incident at 10° on the Si sample to prevent the oscillator from
being damaged by the reflected light. A circular Si disk of
99.99% purity with a 50 mm diameter and 1 mm thickness
was used as a target material, which was fixed on a 2D displace-
ment platform. After the laser irradiation, the sample surface
was analyzed by scanning electron microscopy (SEM, Hitachi
S-4800) and atomic force microscopy (AFM, NT-MDT prima).

3. Results and Discussion

Figure 2 shows the SEM images of LIPSS with irradiation fluence
ranging from 121mJ=cm2 to 400mJ=cm2 with the pulse number
of 600. There is no modification when the fluence is 67mJ=cm2.
It can be seen from Figs. 2(b)–2(d) that when the fluence is lower
than 207mJ=cm2 the morphology of the LIPSS appears to be a
fractured ripple, and it seems that only a very shallow layer is
attached to the Si surface; at the same time, the LIPSS ripples

are composed of many tiny nanoparticles. These images reveal
that the ridges of the ripples are quasi-periodically populated by
nanosized (100 nm or even smaller diameter) craters, which
basically grow on the ridges, not on the valleys. The sharp edges
that surround the crater holes indicate the possible occurrence of
incubation effects triggered by rapid local heat accumulation,
which would lead to a micro-explosion. It is well known that
sharp edges would enhance field effects; if that is the case, there
is a possibility of freeing electrons to seed rapid avalanche ion-
ization[27]. Figures 2(e)–2(h) show that when the fluence of the
laser varies from 207mJ=cm2 to 363mJ=cm2, the LIPSS is con-
tinuous, and the depth of ripple is obviously deeper than that of
Figs. 2(b)–2(d). Figure 2(i) shows that when the fluence is
increased to 400mJ=cm2 the LIPSS comes to be slightly melted,
and the periodicity becomes less regular.
As for the formation of nanoparticles, ablation may be the

main reason, as far as we know. Ablation may occur through
several different mechanisms, such as phase explosion, evapora-
tion, spallation, and fragmentation[21]. The plume of the ablated
material is composed of nanoparticles and other substances.
Some of the nanoparticles generated in ablation are deposited
back onto the sample. Meanwhile, the laser energy transfer from
the air plasma induced by ablation to the sample and enhanced
re-deposition of hot nanoparticles back onto the sample are due
to the presence of high pressure from the ambient gas plasma[28].
Figure 3 shows the AFM images of two typical LIPSSs with

irradiation fluence of 247mJ=cm2 and 363mJ=cm2 under pulse
number of 600. Figures 3(A) and 3(a) show the 2D AFM images
of the two LIPSSs, which are in good agreement with the SEM
images in Figs. 2(e) and 2(h). Figures 3(B) and 3(b) show the
height information of the LIPSS in the horizontal direction. It
can be seen that the depth of LIPSS is 4–7 nm at fluence of
247mJ=cm2, and the depth of LIPSS is 30–50 nm at fluence
of 363mJ=cm2, which demonstrates that the depth of LIPSS
increases with the laser fluence. Figures 3(C) and 3(c) are theFig. 1. Schematic diagram of the experimental setup.

Fig. 2. SEM images of LIPSS with irradiation fluence ranging from 67 mJ/cm2

to 400 mJ/cm2 with the pulse number of 600.
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three-dimensional AFM images of the two LIPSSs, which indi-
cate that the height of the surface protrusion is, respectively,
27 nm (247mJ=cm2) and 63 nm (363mJ=cm2).
The 2D fast Fourier transform (FFT) and one-dimensional

(1D) FFT spectrograms of the SEM images are used to calculate
the period of the LIPSS, as shown in Fig. 4. The irradiation flu-
ences are 247mJ=cm2 and 288mJ=cm2 at the pulse number of
600, respectively. Figures 4(a) and 4(b) are the 2D-FFT spectro-
grams, in which a group of symmetrical frequency points rep-
resenting the spatial frequency of LIPSS can be seen.
Figures 4(c) and 4(d) are the 1D-FFT spectrograms along the
transverse direction, in which the position of the peak represents
the spatial frequency of LIPSS. The results of 2D-FFT are con-
sistent with the 1D-FFT spectrograms. As for the LIPSS with
irradiation fluence of 247mJ=cm2, the period is 435 nm; and
for LIPSS with irradiation fluence of 288mJ=cm2, the period
is 421 nm. The periods of other LIPSSs are either 435 nm or

421 nm, owing to the resolution of the FFT method, and the
periods are not correlated to the fluence. Therefore, we consider
the period ΛLIPSS ∼ 421–435 nm. The parametric decay
model[14,29] was used to explain the phenomenon that when
the fluence was relatively high, the period remained constant
with respect to the fluence in general.
The pulse number applied to the Si surface is another signifi-

cant parameter that affects the morphology of LIPSS. Figure 5
shows the SEM images of LIPSS with irradiation pulse numbers
ranging from 400 to 900 under laser fluence of 247mJ=cm2. It
can be seen that the LIPSS with 400 pulses is very shallow, indi-
cating that this is the initial status of LIPSS formation, and only a
small amount of energy is periodically modulated on the Si sur-
face. When it comes to 500 pulses, the LIPSS appears to be frac-
tured, which is composed of many tiny nanoparticles. When the
number of pulses is further increased from 600 to 900, the rip-
ples become much more continuous and regular, and, at 900
pulses, larger nanoparticles are attached to the surface of
LIPSS, which are different from the tiny nanoparticles at 500
pulses. The influence of the pulse number on the morphology
of LIPSS can be explained by a feedback mechanism. The first
few pulses generate a rough surface, which facilitates the cou-
pling of energy for the following laser pulses. Specific spatial
frequencies of the roughness distribution can better absorb radi-
ation. During repetitive exposure, via this positive feedback, cer-
tain spatial periods are favored to form the grating-like LIPSS
pattern. It was believed that interpulse effects affect the morpho-
logical characteristics of LIPSS[20], which include ablation[30],
hydrodynamical melt flows[31], alterations of the material struc-
ture at the surface between crystalline or amorphous states[32],
and chemical reactions with the ambient environment[33–35].
The incident angle of the laser is the essential parameter to

control the period of LIPSS. Based on the theory of interference
between the incident laser and surface plasmon polaritons
(SPPs), the periodicities dependence of LIPSS on the incident
angle of p- and s-polarized light is theoretically predicted by
Bauerle[36] and Bonch-Bruevich[37]:

Λ�p� = λ

Re�η� − sin θ
, (1)

Fig. 4. 2D-FFT and 1D-FFT spectrograms of LIPSS SEM images with different
fluence: (a), (c) 247 mJ/cm2 and (b), (d) 288 mJ/cm2.

Fig. 5. SEM images of LIPSS with irradiation pulse number ranging from 400 to
900 under fluence of 247 mJ/cm2.

Fig. 3. AFM images of LIPSSs with irradiation fluence of 247 mJ/cm2 and
363 mJ/cm2 under pulse number of 600. (A), (a) 2D AFM image, (B), (b) hori-
zontal height of LIPSS along the green line, and (C), (c) 3D AFM image.
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Λ�s� = λ

�Re�η�2 − sin2 θ�12 , (2)

with θ being the incident angle, and Re�η� being the real part of
the effective refractive index of the observed air-Si interface,
which reads as

Re�η� = Re

� ������������������
εair · εSi
εair � εSi

r �
, (3)

with εair and εSi being the dielectric constant of air and Si. At
λ = 532 nm, Re�η� results as 0.972 for Si[38]. In Eq. (1), the ‘±’ rep-
resents SPPs that can propagate in the forward (+ sign) or back-
ward (− sign) direction depending on how light is incident upon
the target. It has been demonstrated that the backward propa-
gating situation dominates[39], so we only consider the ‘−’ situa-
tion when it comes to the theoretical Λ�p�, as seen in Fig. 6. In
this study, the pulsed laser applied to the Si surface is polarized
45°; thus, the values of the LIPSS period are predicted to be
between theoretical Λ�p� and Λ�s�: Λ�s� < Λ�π=4� < Λ�p�.
Figure 6 shows the SEM images of LIPSSs at four different

incident angles and the fitting of experimentally obtained perio-
dicities. The periods of LIPSSs at four incident angles are
601 nm, 789 nm, 1147 nm, and 1578 nm, as obtained by 1D-
FFT and 2D-FFT. In addition, the period of LIPSS at an incident
angle of 10° is about 435 nm. Increasing incident angles is
accompanied by growing periodicities. The experiment data is
in good agreement with the prediction on the whole.

In this work, HWP2 is used to control the polarization angle
of the laser. Respectively, the SEM images of LIPSSs after irra-
diation with different polarization angles of 0°, 30°, 60°, and 90°
under laser fluence of 207mJ=cm2 and pulse number of 800 are
shown in Figs. 7(a)–7(d). Figure 8 shows the 2D-FFT spectro-
grams of the SEM images at different polarization angles.
Figures 7 and 8 show that the orientation of the LIPSS obtained
in this work is strictly perpendicular to the polarization direction
of the incident laser. The polarization dependence of LIPSS was
explained as follows: due to the effective coupling of the incident
electromagnetic radiation with the plasmon oscillation, a signifi-
cant enhancement of the field in the vicinity of the structure can
be produced, explaining the polarization dependence of
LIPSS[40].
After generating LIPSSs on Si, the reflectance spectrum of Si

with different morphologies is measured by a spectrophotom-
eter (Hitachi, U-4100). The result is presented in Fig. 9.

Fig. 6. SEM images of LIPSSs at different incident angles: (a) 20°, (b) 30°,
(c) 45°, and (d) 60°. (e) Angular dependence of LIPSS periodicities. Red, blue,
and black lines represent, respectively, theoretical values of Λ(p), Λ(s), and
fitting of experimental data. Dots represent experimental data of 45°
polarization.

Fig. 7. SEM images of LIPSS after irradiation with different polarization angles:
0°, 30°, 60°, and 90° under fluence of 207 mJ/cm2 and pulse number of 800. The
red arrow indicates the laser polarization direction.

Fig. 8. 2D-FFT spectrograms of LIPSS in Fig. 7.
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LIPSS1 is produced with fluence of 167mJ=cm2 and pulse num-
ber of 600, as illustrated in Fig. 2(h). LIPSS2 is produced with
fluence of 363mJ=cm2 and pulse number of 600, as shown in
Fig. 2(c). It can be seen from Fig. 9 that LIPSS can reduce the
reflectivity of Si, and LIPSSs with different morphologies have
different reduction effects. For example, the reflectivities of Si
with no treatment, LIPSS1, and LIPSS2 are 37.7%, 29.6%, and
15.7% at the wavelength of 532 nm, respectively. Compared
to untreated Si, the reflectivities of Si with LIPSS1 and LIPSS2
have reduced by 21.5% and 58.4%, respectively.
Based on the above discussion of the formation of LIPSS on Si

with a nanosecond laser, the relationship between the LIPSS and
the laser parameters is shown in Fig. 10. Appropriate fluence and
pulse number should be applied to generate LIPSS, because if
either of them is too high or too low, it will cause a disappearance
of LIPSS. The laser fluence applied to the Si target surface ranges
from 67mJ=cm2 to 400mJ=cm2, and the pulse number ranges
from 100 to 1200. The white area in the table indicates that there
is no obvious damage on the Si surface, and no LIPSS is formed;
the yellow area indicates that discontinuous and shallow LIPSS

is formed on the Si surface; the red area indicates the formation
of continuous and clearer LIPSS on the Si surface; the green area
indicates the formation of quasi-periodic nanoparticles on the Si
surface; the blue area indicates that the Si surface is severely
ablated, and no LIPSS is observed. It can be seen from the table
that when the laser fluence and pulse number are both small,
there will be no obvious modification on the Si surface; on
the contrary, it will cause severe ablation. Only when the two
parameters are in themiddle, LIPSS with different morphologies
and nanoparticles can be generated. At the same time, it is noted
that when the fluence is lower than 67mJ=cm2, LIPSS is not
observed, indicating that the lowest laser fluence to generate
LIPSS on Si is about 67mJ=cm2 for the 532 nm nanosecond
laser. For other fluence conditions, only a suitable number of
pulses can be applied to generate a continuous and regu-
lar LIPSS.

4. Conclusion

In this work, LIPSS was generated on a Si surface by a 532 nm
laser with pulse duration of 10 ns with different fluence, pulse
number, and incident angle. General formation of LIPSS with
different morphology is observed when laser fluence ranges
from 121mJ=cm2 to 400mJ=cm2 and pulse number ranges from
300 to 1000. It is found that in the case of low fluence and low
pulse number, LIPSS ripples are usually discontinuous, shallow,
and composed of some tiny nanoparticles. In the case of high
fluence and high pulse number, LIPSS ripples usually appear
to be continuous and deep, with some larger nanoparticles
attached to them. The period of LIPSS is around 430 nm when
the laser is incident at a small angle of about 10°, and it is irrel-
evant to the fluence and pulse number. Besides, the angular
dependence of LIPSS periodicity is demonstrated, and the
period increases from 430 nm to 1578 nm when the incident
angle ranges from 10° to 60° correspondingly. The LIPSS orien-
tation is perpendicular to the laser polarization. Lastly, the
reflectance spectra of Si with and without LIPSS are measured.
It is found that LIPSS has a good antireflection effect on Si.
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