DE GRUYTER

Nanophotonics 2021; 10(4): 1273-1283 a

Research article

Wei Liu, Jie Hu*, Lan Jiang, )i Huang, Jiangang Lu, Jiangang Yin, Zhaoling Qiu, Hailin Liu,

Chen Li, Suocheng Wang and Shaojun Wang

Formation of laser-induced periodic surface
nanometric concentric ring structures on silicon
surfaces through single-spot irradiation with
orthogonally polarized femtosecond laser

double-pulse sequences

https://doi.org/10.1515/nanoph-2020-0568
Received October 12, 2020; accepted December 15, 2020;
published online January 5, 2021

Abstract: In this study, we report the formation of laser-
induced periodic surface nanometric concentric ring struc-
tures on silicon surfaces through single-spot irradiation with
orthogonally polarized femtosecond laser double-pulse
sequences (OP pulses). The period of the ring structures is
marginally smaller than the irradiated laser’s wavelength,
which indicates that the structures are a type of low-spatial-
frequency laser-induced periodic surface structures. Regu-
lar nanometric concentric ring structures can be formed
when the time delay between two subpulses is approxi-
mately 1 ps (roughly from 500 fs to 1.5 ps) and the number of
laser bursts is approximately 4. The formation mechanism of
the concentric ring structures is attributed to the surface
wave (i.e., cylindrical wave) stimulated by OP pulses
through single-spot irradiation is radially distributed. Large
area of concentric ring structures eliminating anisotropy in
the generation of structural colors was shown in this paper.
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1 Introduction

Nanometric concentric ring structures have attracted
considerable research interest for numerous applications,
such as plasmonic lens manufacturing [1, 2], surface-
enhanced Raman scattering [3, 4], laser beam shaping [5, 6]
and the modulation of photonic nanojets [7]. Currently,
methods such as electron-beam lithography [5, 8], focused
ion beam milling [1, 4], the template-assisted method
[9, 10] can be used to fabricate nanometric concentric
structures with good quality. However, these methods
require expensive devices and complex fabrication pro-
cesses and environments.

Nowadays, femtosecond laser is widely used due to its
abilities in achieving nanoscale fabrication, flexible 3D
fabricating capability, and fabricating almost every mate-
rial [11-15]. The use of femtosecond laser could provide a
new method to fabricate nanometric concentric ring
structures. Several research groups have reported on the
use of femtosecond laser in the manufacture of concentric
ring structures. To name a few, Ma et al. fabricated ring
microstructures on the surface of Zr-based metallic glass
[16]. Liu et al. fabricated concentric ring structures on the
wall of ablated crater on a fused silica surface [17]. These
studies used a linearly polarized femtosecond laser to form
concentric ring structures; however, they had periods of
several micrometers to dozens of micrometers and were not
nanoscale. One of the most common types of structures
fabricated by femtosecond laser is laser-induced periodic
surface structures (LIPSS; in this study, we specifically
refer to low-spatial-frequency LIPSS [LSFL]). The period of
these structures is marginally smaller than the irradiation
laser wavelength, which makes them an ideal option for
fabricating nanometric concentric ring structures. LSFL are
usually straight parallel periodic gratings fabricated by
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using linearly polarized femtosecond laser. To form
nanometric concentric ring LSFL, the polarization state of
femtosecond laser should be transformed to radial polar-
ization [18]. However, to transform a linearly polarized
femtosecond laser into a radially polarized one, a com-
plex femtosecond vector field generation system [19] or
special wave plate [20] is required. In addition, the
intensity distribution of the radially polarized pulse is
hollow, and therefore, the ring structure does not form at
the center of the irradiation area due to the very low
energy there [18].

Herein, as illustrated in Figure 1(B), we introduce a
new approach for fabricating laser-induced periodic
surface nanometric concentric ring structures (a type of
LSFL) with a period marginally smaller than the irradi-
ated laser’s wavelength on silicon surfaces. This
approach involves fabricating the nanometric structures
through single-spot irradiation with OP pulses. To obtain
regular concentric ring structures, the time delay be-
tween two subpulses should be set to approximately 1 ps
(roughly from 500 fs to 1.5 ps) and the number of laser
bursts should be approximately 4. For a larger number of
laser bursts, the rim of the irradiated area retains the
concentric ring structures; however, the center of the
irradiated area is damaged. The potential mechanism
behind this phenomenon is that the surface wave
(i.e., cylindrical wave) stimulated by the OP pulses
through single-spot irradiation is radially distributed.
LSFL can form through periodic energy deposition along
the cylindrical wave direction, and radially distributed
cylindrical wave result in the formation of a nanometric
ring LSFL. Besides, large-area concentric ring structures
that eliminate anisotropy in the generation of structural
colors were fabricated.
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2 Experimental setup and
characterization

Figure 1(A) presents the experimental setup used in our
study. A linearly polarized femtosecond laser with a central
wavelength of 800 nm, pulse duration of 300 fs, and
repetition rate of 10 Hz was generated by an amplified
mode-locked Ti:sapphire laser system (Spectra Physics
Inc.). The linearly polarized femtosecond laser beam was
then transformed into OP pulses by using a Michelson
interferometer with a 45° rotated quarter-wave plate placed
in one of its arms. The cube-mounted pellicle beamsplitter
(Thorlabs, CM1-BP145B2) was used to split the single pulse
into double pulses. The energies of two subpulses were
kept equal by adjusting the two attenuators placed on the
two arms of the Michelson interferometer. The time delay
between the OP pulses was changed by adjusting the op-
tical path difference between two arms of the Michelson
interferometer. The irradiated material was polished (111)
crystalline silicon. The number of laser bursts delivered to
the surface was determined by an optical beam shutter
(Thorlabs). The laser was focused on the irradiated mate-
rial surface through a convex lens with a focal length of
100 mm at a normal incidence. The beam diameter of laser
before entering the convex lens was set to 4 mm. By using
the method reported in the study by Liu [21], measuring the
diameter of the ablated spot (D) as a function of the inci-
dent pulse energy (E;,), we can derive the on-target
Gaussian spot diameter was about 38 um and the silicon
ablation threshold was approximately 0.131 J/cm?’
The morphology of the fabricated structures was examined
with SEM (Hitachi S-4800, Ibraraki, Japan). Three-
dimensional morphology of concentric ring structures

Figure 1: (A) Experimental setup based on a Michelson interferometer used in our study. (B) Illustration of the fabrication of nanometric

concentric ring structures.
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was characterized using an AFM (Dimension Edge PSS,
Bruker, Inc., Karlsruhe, Germany).

3 Results and discussion

3.1 The relationship between the
orientation and morphology of LSFL and
the angle between the polarization
directions of the double-pulse

Figure 2 depicts the structures by irradiating the silicon
surface through single-spot irradiation with different
polarized femtosecond laser double-pulse sequences.
The angle between the polarization directions of the
double-pulse was selected as 0°, 30°, 60° and 90°. The laser
repetition was 10 Hz. The peak laser fluence of each pulse
was set at 0.122 J/cm?; this value was marginally lower than
the silicon ablation threshold. As reported in the studies by
Bonse and Kruger and Obona et al. [22, 23], the pulse
number plays an important role in the formation of LSFL.
Only several pulses of the femtosecond laser are required to
form LSFL. For large pulse numbers, the LSFL still exist but
are severely ablated. Therefore, we selected a pulse num-
ber of only 4 to conduct the first part of our experiment. The
term “pulse number” is replaced by “burst number” to
avoid confusing the number of pulses in the pulse
sequence in other parts of the article. Two double-pulse
time delays O and 1200 fs were chosen. At a time delay of
0 fs, the orientation of the LSFL was determined by the
vector composition of two pulses polarizations. According
to the SEM image and 2D-FFT image, when the angle was
0°, the orientation of the LSFL was exactly perpendicular to
the laser polarization. When the angles were 30°, 60°, and

g 0
S
()

(T

W. Liu et al.: Formation of laser-induced ring structures —— 1275

90°, the orientation of the LSFL tilted to approximately 15°,
30° and 45° with respect to the horizontal direction. At the
time delay of 1200 fs and when the angle were 0°, 30°, and
60°, the orientation of the LSFL were similar to the situation
of when time delay was O fs. However, when the angle was
90°, an interesting phenomenon appeared, straight paral-
lel line-shaped LSFL transformed into concentric ring
structures. This phenomenon was first reported and gave
us a new strategy to fabricate nanometric concentric ring
structures.

3.2 Evolution of nanometric concentric ring
structures with increasing double-pulse
time delay

The influence of the double-pulse time delay was first
investigated. Time delays of 0, 200, 500, 800, 1000, 1200,
1500, 5000, and 10,000 fs were selected. In all experi-
ments, the laser fluence was the same as the value above.
Figure 3 depicts the evolution of nanometric concentric
ring structures with increasing double-pulse time delay. As
indicated by the results, nanometric concentric ring
structures do not form at all double-pulse time delays. At
time delays of 0 and 200 fs, according to the SEM image and
2D-FFT image, almost straight LSFL were fabricated. At the
time delay of O fs, the LSFL orientation tilted to approxi-
mately 45° with respect to the horizontal direction. More-
over, at the time delay of 200 fs, the LSFL orientation was
approximately vertical. These results are consistent with
previously reported observations [24]. For time delay larger
than 200 fs, in the previous work [25] reported by HGhm
et al., they explored the formation of LSFL on silicon sur-
faces with orthogonally polarized and unequal-energy

Figure 2: Formation of low-spatial-frequency LIPSS (LSFL) on silicon surfaces through single-spot irradiation with different polarized
femtosecond laser double-pulse sequences. The relevant two-dimensional fast Fourier transform (2D-FFT) image is illustrated in the bottom

right of each SEM image. The scale bar: represents 5 pm.
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femtosecond laser double-pulse sequences. They found
that the LSFL orientation of single-spot irradiation on
silicon surfaces was determined by the stronger pulse
and was perpendicular to its polarization. However, in
our work, for time delays of 500 to 1500 fs, a new form of
LSFL—nanometric concentric ring structures were
formed. At the center of the irradiation area, around four
to six obvious concentric rings were formed. Figure 4(A)
illustrates the period as a function of the OP pulses’ time
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delay from O to 1500 fs at a burst number of 4. The results
indicate that in the range of 500 to 1500 fs, the period of
the concentric rings as calculated by 2D-FFT was nearly
constant at approximately 730 nm, which was margin-
ally smaller than the irradiated laser’s wavelength
(800 nm). Thus, the periodic structures formed in this
study were one type of LSFL. For time delays of 5 and 10
ps, no concentric ring structures were formed, and only
some irregular structures or some nanodots were formed.

1200fs
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Figure 3: Formation of nanometric concentric ring structures on silicon surfaces when the burst number was fixed at 4 and the time delay was
0 fs to 10 ps. The relevant two dimensional fast Fourier transform (2D-FFT) image is illustrated in the bottom right of each SEM image. The scale

bar represents 5 pm.
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The aforementioned results indicate that concentric ring
structures were formed only when the time delay be-
tween two subpulses was approximately 1 ps (roughly
from 500 fs to 1.5 ps).

3.3 Evolution of nanometric concentric ring
structures with increasing burst number

To study the impact of the burst number on the evolution
of nanometric concentric ring structures, we selected a
double-pulse time delay of 1200 fs as an example. The
burst number was varied from 1 to 9. The laser repetition
rate was set to 10 Hz. By controlling the opening time of
optical beam shutter, we can control the number of laser
bursts delivered to the surface. The silicon used in our
experiments was polished and had no surface defects.
Figure 5 displays images showing the evolution of
nanometric concentric ring structures with an increase in
the burst number. As indicated by the results, when the
burst number was 1, only a modification zone was
formed. When the burst number was 2 or 3, some surface
defects were formed in the irradiation area. When the
burst number was increased to 4, several concentric rings
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were formed at the center of the irradiation area due to
incubation. The 2D-FFT image also verified the regularity
of the formed concentric ring structures. When the burst
number was increased from 5 to 9, the characteristics of
the concentric rings remained unchanged. However, the
concentric ring structures were gradually damaged from
the center outward as the burst number increased. This
observation is consistent with the situation for LSFL.
LSFL are formed by a small number of laser bursts and are
gradually damaged as the number of laser bursts in-
creases. The time interval between two laser bursts was
100 ms when the laser repetition rate was 10 Hz. Because
of the vibration of the fabricating platform, the irradia-
tion spots between the adjacent laser bursts may not
strictly coincide. Besides, the spatial coincidence of the
two subpulses was manually adjusted. Consequently, the
irradiation spots of the two subpulses may not strictly
coincide. These two factors will reduce the replicability of
forming concentric ring structures. The replicability of
forming concentric ring structures is about 70% in our
experimental conditions. Reducing the vibration of the
fabricating platform and increasing the coincidence of
the two subpulses help to increase the replicability of
forming concentric ring structures. Figure 4(B) illustrates

Figure 5: Formation of nanometric concentric ring structures on silicon surfaces with a burst number of 1-9 when the time delay between two

subpulses was fixed at 1200 fs. Scale bar: 5 pm.
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the period as a function of the burst number from 4 to 9 at
a double-pulse time of 1200 fs. Similar to the situation of
Figure 4(A), the period of the concentric rings was also
nearly constant at approximately 730 nm.

3.4 Detailed analysis of nanometric
concentric ring structures

Figure 6(A) displays a 3D perspective AFM image of
concentric ring structures at the time delay of 1000 fs and
burst number of 4. Four representative directions along
the red, blue, green, and black lines, which are labeled
as “A”, “B”, “C”, and “D”, respectively, were selected to
illustrate the ablation depth of the concentric ring
structures. The angle between two adjacent directions
was 45°. The separate AFM profiles (ablation depth)
along the red, blue, green, and black lines in Figure 6(A)
are displayed in Figure 6(B). The AFM tip height is 9 pm
and the opening angle of the AFM tip is about 35°. The
measured depth of the central hole is about 170 nm. The
half of central hole’s bottom angle is about 71°, which is
significantly larger than the AFM tip angle of 35°.
Therefore, the AFM tip can enter the bottom of the
imprinted pattern, including the central hole. The
periods of the structures along the aforementioned
directions were approximately 732, 743, 703, and 743 nm,
respectively. Although the periods of the structures were
not strictly equal along different directions, the
concentric rings were roughly circles due to the
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imperfect ablation conditions, such as the energy dis-
tribution of the laser pulse, spatial coincidence of the OP
pulses, and vibration of the fabricating platform.
Figure 6(C) depicts the combined AFM profiles (ablation
depth) along the aforementioned directions. The corre-
sponding curves of ablation depth roughly coincided.

3.5 Analysis and discussion of the formation
of nanometric concentric ring structures

Although several laser-induced concentric ring structures
have been reported previously, these structures cannot be
classified into one class according to their period. The
formation mechanism of concentric ring structures with a
period of several micrometers on the surfaces, as reported
by Ma et al., was attributed to the stress-induced conden-
sation of ablation vapors and frozen thermocapillary
waves on the molten surfaces [16]. The formation mecha-
nism of concentric ring structures with a period of several
microns to dozens of micrometers on the wall of an ab-
lated crater, as reported by Liu et al., was attributed to
the interference between the reflected laser field on the
surface of the damaged crater and the incident laser
pulse [17, 26]. The concentric ring structures in our study,
which have a period marginally smaller than the wave-
length of the irradiated laser, are completely different
from the aforementioned two structures and are a type of
LSFL. The recent works [27] by Anton Rudenko et al. put
forward that the formation mechanism of LSFL is a

Figure 6: (A) Three-dimensional (3D)

perspective AFM image of concentric ring
structures at the time delay of 1000 fs and
burst number of 4. (B) Separate AFM pro-
files (ablation depth) along the red, blue,
green, and black lines in (A). (C) Combined
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process of multipulse selection of hybrid standing waves
produced by the interference of the incident light with
surface wave scattered by nanoholes with comparable
contributions of surface plasmon polariton and cylin-
drical wave. For silicon, excitation of SPP requires that
the silicon turns to a metallic state with the real part of
permittivity €, < -1, and the free-electron density should
exceed the critical density [28]. When the laser fluence is
not great enough to excite the SPP, the formation of LSFL
is dominant by cylindrical wave [28].

Next, we try to qualitatively clarify the conditions of
obtainment of the concentric structures in the scenario of
cylindrical wave considering the peak laser fluence of each
pulse of OP pulses was 0.122 J/cm? which is not great
enough to excite SPP according to the calculation in the
study by Colombier et al. [28]. In most situations, the
orientation of LSFL is perpendicular to the polarization of
the linearly polarized femtosecond laser. Since that the
direction of surface waves (SPPs, cylindrical wave) gener-
ated by linearly polarized laser is along with the direction
of laser polarization [29], as the LSFL are formed by peri-
odic energy deposition through interference between the
surface waves and the incident laser, therefore, the orien-
tation of LSFL is perpendicular to the direction of surface
waves. For some special polarization states of the femto-
second laser, such as single-spot irradiation with radial
and azimuthal polarized laser beams, corresponding spe-
cial shape-distributed surface waves may form, and the
formed structures are no longer straight parallel line
structures and become periodic concentric ring structures
or radial-shaped periodic structures [18].

In our experiment that involved the single-spot irra-
diation of OP pulses, we believe that radially distributed
surface wave, i.e., cylindrical wave was formed, which may
have caused the formation of concentric ring LSFL.
Considering exciting surface waves at a single spot with a
linearly polarized single-pulse femtosecond laser, the
electric field of SPP at the observation point satisfies cos ()
law [30], where O is the angle between the direction of laser
polarization and the line passing through the observation
point and the center of the irradiation spot area. Although
the SPP and cylindrical wave are very different by nature,
the fields of cylindrical wave and SPP at the surface share
many properties, such as they have nearly identical prop-
agation constants [31]. Accordingly, we assume that the
electric field of cylindrical wave at the observation point
also satisfies cos (0) law. Herein, we propose a qualitative
explanation for the formation of the concentric structures
in the scenario of cylindrical wave. For single-spot irradi-
ation with a horizontally polarized femtosecond laser
beam, as depicted in Figure 7(A), point O is the center of the
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irradiation spot area, point R is the observation point, and
0 is the angle between the direction of the horizontally
polarized laser and the line passing through points O and
R. At the observing point R, vector Ey means the electric
field of cylindrical wave stimulated there; the orientation of
the vector matches the direction of cylindrical wave
(i.e., the direction of laser polarization), and the value of
the vector is consistent with the amplitude of the cylin-
drical wave electric field. When maintaining the distance
between points O and R as constant and changing the value
of 6, the amplitude of the cylindrical wave electric field
|Ex| can be presented as below according to the cos (0) law:

|Ey| = Eo cos(6) )

where E, corresponds to the maximum amplitude of the
cylindrical wave stimulated by horizontally polarized
femtosecond laser single-spot irradiation when 6 is 0°
(observation point is in the direction of laser polarization).
Similarly, for vertically polarized femtosecond laser single-
spot irradiation, as depicted in Figure 7(]%), the amplitude
of the cylindrical wave electric field |Ey| at the same
observation point R, as in Figure 7(A), can be presented as
below:

|Ey| = Eq cos (/2 - 6) Q)

By adding the vectors of cylindrical wave stimulated by
horizontally polarized and vertically polarized pulses
through single-spot irradiation, we can obtain the cylin-
drical wave stimulated by OP pulses through single-spot
irradiation. As illustrated in Figure 7(C), in the direction
perpendicular to the line passing through O and R, the
subsequent formula can be got:

|Ey|cos () = |Exlsin (6) €)

Therefore, at the observation point R, the direction of cy-
lindrical wave stimulated by OP pulses through single-spot
irradiation is exactly from the center of the irradiation spot
area to the observation point. In addition, the amplitude of
the cylindrical wave electric field |Ecw| can be obtained as
below:

|Ecw|=|EqP+|Ey[2=E} (cos? (6) +cos? (/2-6)) =E, ()

Consequently, the aforementioned equation shows that the
amplitude of cylindrical wave electric field remains con-
stant despite the different directions of the observation
point if the distance between the observation point and the
center of the irradiation spot remains constant. All above,
as displayed in Figure 7(D), the cylindrical wave stimulated
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Figure 7: (A) Case of horizontally polarized femtosecond laser single-spot irradiation. (B) Case of vertically polarized femtosecond laser
single-spot irradiation. (C) Case of single-spot irradiation of OP pulses. (D) Spatial distribution of cylindrical wave stimulated with OP pulses
through single-spot irradiation. (E) SEM image of concentric ring structures.

by OP pulses through single-spot irradiation are radially
distributed, which causes the formation of the concentric
ring LSFL illustrated in Figure 7(E).

Similar to our previous work of writing the lines of
periodic fringes, by scanning the silicon surfaces rather
than single-spot irradiation with OP pulses, we could get
the lines of periodic fringes which were always oriented
perpendicular to the writing direction [32]. The time delay
between the OP pulses is an important factor in this study.
Concentric ring structures are not formed only when the
time delay is approximately 1 ps (roughly from 500 fs to
1.5 ps). The time delay between the OP pulses should ex-
ceeds the pulse duration, but not too large. In a previous
work [24] by Fraggelakis et al., they investigated the effect
of the phase delay between the two incident electric fields
(orthogonally polarized double-pulse femtosecond laser)
on the LSFL. They irradiated the silicon surfaces choosing 6
successive time delay values with a step of 0.5 fs within a
2.5 fs delay frame. They found the orientation of LSFL
rotated with the interpulse phase delay. This was because
when the time delay was shorter the pulse duration, the
orthogonally polarized double-pulse femtosecond laser
could be seen as a single-pulse femtosecond laser with its
polarization can be either elliptical, or in ideal cases linear

or circular. For elliptically polarized fs-pulses, LSFL for-
mation occurs perpendicular to the polarization ellipse’s
major axis. Therefore, in our work, when the time delay is
shorter than the laser pulse duration, the two subpulses
will interact with each other and could be seen as a single-
pulse either elliptical, or in ideal cases linear or circular
polarized femtosecond laser, as a result, only parallel lin-
early periodic grating LSFL will be formed and the
concentric ring structures will not come into being, which
is similar to the results reported by Fraggelakis et al. When
the time delay is up to 5 ps or longer, no concentric ring
structures were formed, and only some irregular structures
or some nanodots were formed. For surface waves (both
SPP and cylindrical wave), once the driving external radi-
ation field is turned off (i.e., at the end of the first femto-
second laser irradiation), they may exist for a certain
duration called the lifetime of the surface waves [33]. For
SPP stimulated on silicon surfaces, when the wavelength of
laser is 800 nm, according to the corresponding calcula-
tion by Petrakakis et al., the lifetime of SPP is about some
hundreds of femtoseconds at large free electron density
[34]. Another calculation by Zhang et al. reports that the
SPP lifetime is no longer than 0.63 ps [35]. For cylindrical
wave on silicon surfaces, there is no accurate calculation of



DE GRUYTER

lifetime of cylindrical wave at present, however, the cy-
lindrical wave decays more slowly than the SPP [36].
We can deduce that the lifetime of cylindrical wave is
longer than the lifetime of SPP and may be a picosecond or
several picoseconds. To form the radially distributed cy-
lindrical wave to form the concentric ring structures, the
cylindrical wave stimulated by each pulse of the orthogo-
nally polarized femtosecond laser double-pulses should
coexist for vector addition before the first one diminishes
and disappears. Therefore, the time delay of the orthogo-
nally polarized femtosecond laser double-pulses should
not be too large and exceed the lifetime of cylindrical wave.
All above, the time delay should exceed the pulse duration
but not too large (shorter than the lifetime of cylindrical
wave) and be approximately 1 ps.

3.6 Application of concentric ring structures
in structural color

In general, for parallel gratings, when white light is verti-
cally irradiated on the relevant region, the structural color
can be observed in the direction perpendicular to the
gratings. However, in the direction parallel to the grating,
the structural color cannot be observed. This anisotropy
may limit the application of parallel gratings in surface
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coloration. In this study, we put forward an approach for
fabricating structural color surfaces by using concentric
ring structures to eliminate anisotropy in the generation of
structural colors. As depicted in Figure 8, we used OP
pulses to fabricate a large “BIT”-shaped area formed by
concentric ring structures on a 1 cm x 1 cm silicon wafer.
The distance between two adjacent points was 30 um.
Figure 8(B) shows the corresponding optical microscopy
image of the processing area, and the bottom-right-hand
image of Figure 8(B) is an SEM image of the concentric ring
structures at a single point. As the concentric ring struc-
tures have diffraction gratings in all directions, when white
light was used to irradiate the processing area surface
vertically, the structural colors could be observed in any
directions. So next, as illustrated in Figure 8(A), at the fixed
photographing position, when we rotate the silicon wafer
horizontally, we can observe the structural colors at any
sample rotation angle. Figure 8(C) shows the images of the
structural colors at different sample rotation angles and
different diffraction angles. At different diffraction angles,
different wavelengths of light will be diffracted and cor-
responding structural color will be formed. Three repre-
sentative colors of cyan (the first row), yellow (the second
row) and red (the third row) were chosen for display. At
fixed diffraction angle, sample rotation angles of 0°, 30°,
45°, 60°, and 90° were chosen to display. As we can see, the

Figure 8: (A) A schematic diagram of
generating structural color by vertically
irradiating the processing area surface with
white light. (B) Optical microscopy image of
a large “BIT”-shaped area formed by
concentric ring structuresonalcm x1cm
silicon wafer and SEM image of a single
point. (C) Images of the structural colors at
different sample rotation angles and
different diffraction angles.
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fabricated structures exhibited structural colors indepen-
dent of the sample rotation angle at the fixed photo-
graphing position and eliminated anisotropy in the
generation of structural colors. The surface morphologies
of the concentric ring structures provide a new method for
isotropic surface functionalization.

4 Conclusion

In summary, we introduce a new method for fabricating
nanometric concentric ring structures. The period of the
structures was marginally smaller than the irradiated la-
ser’s wavelength, which indicated that the formed struc-
tures were a type of LSFL. When the time delay between OP
pulses was set to about 1 ps (roughly from 500 fs to 1.5 ps)
and the number of laser bursts was approximately 4, we
obtained regular concentric ring structures. The surface
wave (i.e., cylindrical wave) stimulated by OP pulses
through single-spot irradiation was radially distributed,
which resulted in the formation of a nanometric ring LSFL.
Furthermore, the fabricated large-area concentric ring
structures that eliminated anisotropy in the generation of
structural colors have good application prospects.
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