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Abstract: Understanding the formation mechanisms of the nanostructures and their designs has
important implications for both the fundamental science and application prospects. In this study,
we proposed a strategy for femtosecond laser-induced high regularity concentric rings within
silicon microcavity. The morphology of the concentric rings can be flexibly modulated by the
pre-fabricated structures and the laser parameters. The physics involved is deeply explored by the
Finite-Difference-Time-Domain simulations, which reveals that the formation mechanism can
be attributed to the near-field interference of the incident laser and the scattering light from the
pre-fabricated structures. Our results provide a new method for creating the designable periodic
surface structures.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The formation of large-area concentric rings has attracted extensive research interest in many
application fields, such as surface-enhanced Raman scattering [1,2], surface-enhanced fluores-
cence [3,4], plasmonic lens fabrication [5,6], laser beam shaping [5,7], and high-sensitivity
photodetection [8]. The current existing high-precision fabrication techniques such as the focused
ion beam milling [2,6], the electron-beam lithography [7,9] and the lack-of-flexibility template
[10,11], are more or less limited by their requirements for the cost and complex procedures.
Nowadays, femtosecond (fs) laser has been proven useful for the nanoscale fabrication by
taking advantage of its unique capabilities in the reduced thermal effect, flexible 3D design and
suitability for a wide range of materials [12–15]. Several research groups have reported on using
femtosecond laser in the manufacture of concentric ring structures with periods ranging from
several micrometres to dozens of micrometres [16–20].

In recent years, the periodic surface structures induced by femtosecond laser have been a
subject of intensive study, because of their self-organized features in the subwavelength and even
nanometer scales to demonstrate wide potential applications in the visible light range [21,22].
Usually, the basic mechanism of laser-induced periodic structure (LIPSS) is attributed to the
optical interference between the incident light and its excited surface plasmon polaritons (SPP).
The already achieved variable geometric morphologies of LIPSSs such as one-dimensional (1D)
grating-like structures [22–25], two-dimensional (2D) dot-matrix structures [26,27] and 2D
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triangular structures [28], can be mainly related to the change of the incident laser polarization
and the mode of the surface wave excitation. Hence a key to the formation of concentric rings
is to generate the circularly periodic energy distribution by modulating the excited surface
wave. Because of the difficulty in the surface wave regulation, there are a few reports about
the laser-induced concentric rings only through using either the vector beam [29,30] or the
single-spot irradiation with orthogonally polarized fs laser double-pulse sequences [31], but all
of which have a low preparation efficiency and the irregular structure morphology. To settle this
problem, several researchers have proposed some methods to manipulate the excited surface
waves by the scattering of boundaries [32,33], the excitation mode of SPP [23,34,35], and the
near field enhancement [36,37], which will help to finally induce the concentric ring structures.

In this paper, we introduce the pre-fabricated cylindrical cavities with different diameters as
the scattering source to modulate surface wave excitation. The cylindrical focusing of circularly
polarized fs laser can induce the concentric rings with a large area and high precision. Surprisingly,
the concentric rings can be flexibly manipulated in the morphology with varying laser parameters
and the pre-fabricated cavities. The simulation results revealed that the underlying mechanism is
attributed to the near-field interference of the incident and the scattered lights. Of course, at the
high laser energy density, the excitation of SPP can help to form the traditional grating-like LIPSS
on the surface. Moreover, our further experiment demonstrated the concentric ring structures can
be utilized for the fluorescence enhancement.

2. Experimental

Preparation of microcavity structures: In order to efficiently achieve the near-field wave
excitation for the incident light, the cylindrically-shaped structures arrays with the unit dimension
in micrometer scales were pre-fabricated on the surface of a crystalline silicon wafer (100) via
the inductively coupled plasma etcher method.

Femtosecond laser-induced morphologicaly change: A schematic diagram of our experi-
mental setup for the fs laser microprocessing is schematically illustrated in Fig. 1 where the
employed laser source is a commercially available chirped pulse amplification of Ti sapphire fs
laser system (Spectra-Physics HP-Spitfire 50) system, associated with the central wavelength of
800 nm, the repetition rate of 1 kHz and the time duration of 40 fs. The incident laser energy
was controlled by a combination of a Glan prism and a half-wave plate. A quarter-wave plate
(zero-order air gap achromatic quartz plate) was used for changing the fs laser pulse from the
linear polarization into the elliptical or circular one. When the frequency-doubled fs laser is
required, a beta-barium-borate (BBO) crystal with a spectral band-pass filter can be inserted after
the Glan prism. The laser beam was focused by a cylindrical lens (focal length f= 50 mm) into a
narrow line-shaped spot with a spatial width of 31 µm and length of 8 mm, respectively. The
pre-fabricated microcavity sample was fixed on a 3D translating stage for precise movements.
The surface morphology of the sample was characterized by both a scanning electron microscope
(SEM, HITACHI, S-4800) and a laser confocal microscope (Keyence, VK-X1000). The material
modification in the laser irradiation area were measured by Micro-Raman spectroscopy (Horiba
Jobin Yvon) employing a 532 nm laser.

Photoluminescence of quantum dots: In this work, the CsPbBr3 quantum dots were synthe-
sized by hot injection and rapid cooling methods [38]. Then the 0.625 mg/mL quantum dots
were dispersed in a 50 µL n-hexane solution and finally spin-coated on the sample surface at the
rotation speed of 1500 r/min. The photoluminescence of the quantum dots film was measured
by a HORIBA Scientific Raman spectrometer with a 473 nm laser incidence in air at room
temperature.

Theoretical simulations: During the fs laser interaction with the material, the spatial distribu-
tion of the electric (E) field was simulated with the FDTD method (Lumerical software package).
Both the top and bottom boundaries are totally set as perfectly matched layers (PML), and other
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Fig. 1. A schematic of the femtosecond laser processing on the sample.

boundaries are provided with periodic boundary conditions. The employed parameters within the
simulation model such as the light wavelength and polarization state, the feature dimensions and
the optical index of the pre-fabricated structures, are properly given according to the experimental
conditions.

3. Results and discussion

3.1. Concentric rings formed within the pre-fabricated structures

Figure 2(A) presents a diagram for the procedure of the concentric rings formation within the
pre-fabricated structures, where the femtosecond laser beam is cylindrically focused for the
large-area exposure with the scanning speed of v= 0.6 mm/s along the direction parallel to the
sample surface. Figure 2(B) shows the SEM images of the pre-fabricated two-dimensional
cylindrical cavity arrays before the laser irradiation, each of which possesses a diameter of
ϕ=8 µm and an etching height of H= 800 nm, respectively. After the laser irradiation, it is
surprising to see the concentric rings periodically formed inside the microcavities, as shown
in Fig. 2(C), where the adopted laser fluence is F = 28 mJ/cm2. From the corresponding
high-definition SEM image (Fig. 2(D)), we can intuitively find that the numbers and the spatial
period of the rings are N= 5 and Λ=845 nm, respectively. As shown in Fig. S1, the measured
Raman spectrum of the non-irradiated surface region only presents a strong peak centered at
520.5 cm−1, which characterizes the monocrystalline property. In contrast, the obtained Raman
spectrum of the laser-induced ring surface possesses a broad band peak centered at 473 cm−1,
which represents the existence of amorphous silicon. Therefore, with our laser irradiation
conditions, the resultant ring-like structures within the microcavity undergo the transformation
from the monocrystalline to amorphous phases. The modulation depth of such nanoscale rings
was measured at approximately d= 34 nm by using a laser confocal microscope (Fig. 2(E)). In
sharp contrast to the conventional observation of both grating-like LIPSSs and other 2D structure
arrays [26,34], here the laser-induced surface morphology is actually constituted by the regular
distribution of concentric rings in the submicron scales, which indicates the physical roles of the
cavity edges.
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Fig. 2. Formation and geometric characterization of concentric rings. (A) Schematic
diagram of the laser scanning procedures. (B) SEM image of the pre-fabricated microcavity
arrays on the silicon surface. (C) SEM image of the surface structures after the laser scanning.
Here the laser energy fluence is F= 28 mJ/cm2 and the sample moving velocity is v= 0.6
mm/s. (D) High-resolution SEM image of (C). (E) A 3D picture of the concentric rings with
the measured height information (the red dotted line).

3.2. Active modulation of concentric rings

The influence of cavity dimensions: In order to clarify how the formation of such periodically
concentric rings is affected by the experimental parameters, we subsequently carried out a series
of experiments to investigate this issue. First, we explored the dependence of the concentric rings
on the pre-fabricated cylindrical cavity dimensions (in both diameter and depth). When the cavity
diameter was varied from ϕ=4 µm to 10 µm under the fixed etching height of H= 800 nm, we can
clearly see that the numbers of the concentric ring formation are ready to increase from N= 3 to
5, but still maintaining the spatial period around Λ=850 nm, as shown in Fig. 3(A). On the other
hand, when the etching height of the cylindrical cavity changed from H= 400 nm to 1500 nm for
the given diameters (ϕ=4 and 6 µm, respectively), the measured spatial period of the concentric
rings was found to gradually increase, as shown in Fig. 3(B). Therefore, it can be concluded that
the available numbers and the spatial period of the concentric rings are respectively determined
by the diameter and the height of the pre-fabricated cylindrical cavity on Si surface.

The effect of laser wavelength: As is well known from the previous studies, the incident laser
parameters play a significant role in affecting the geometric profiles of the traditional LIPSSs
[39,40]. For example, the LIPSS period can be altered with different incident light wavelengths.
To clarify this possible happening during our concentric ring formation, we used a BBO crystal to
reduce the incident laser wavelength from λ=800 nm to 400 nm by frequency doubling, and then
the generation of concentric rings can be still found within the cylindrical cavities, but associated
with the smaller spatial period of around Λ=400 nm, as shown in Fig. 4. Very similar to the case
of λ=800 nm laser incidence, the numbers of the concentric rings are demonstrated to gradually
increase with larger cavity diameters (Figs. 4(A)–4(D)).

The dependence of laser polarization: Furthermore, the polarization state of the incident fs
laser is also a key factor for modulating the morphology of LIPSS [41,42]. Figures 5(A)-(D) show
the evolution of the induced concentric morphology with the laser polarization. In the case of
linear polarization, the aforementioned concentric rings began to have a discontinuous distribution
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Fig. 3. Influence of cavity dimensions on the geometry of concentric rings. (A) The
corresponding number of rings with different diameters of cavities. (B) The corresponding
measured period of the rings with different heights of cavities. The inset SEM images
represent the observations at different conditions.

Fig. 4. Observed concentric ring structures in the pre-fabricated cavities with different
diameters for the incident laser wavelength of 400 nm. The diameters of the structures in
(A)-(D) are 4µm, 6µm, 8µm and 10µm, respectively. Here the laser energy fluence is F = 8
mJ/cm2 and the sample moving velocity is v= 0.4 mm/s. The SEM images at the bottom
line represent the enlarged situations in the yellow boxes above.

within the cavity, i.e., the formation of each concentric structure is spatially interrupted into two
arch profiles. Remarkably, no laser-induced structures can take place along the radial directions
that possess the small angles relevant to the laser polarization, as shown in Fig. 5(A). As the
ellipticity (a ratio between the lengths of the minor and major axes) of the incident elliptically
polarized light increases from ε=0.2 to 0.5, the spatial arrangement of the concentric ring-like
structures become gradually continuous within the cylindrical cavities. As a matter of fact, with
gradually increasing the energy fluence of the incident linearly polarized laser, the formation of
the concentric rings began to re-appear and subsequently evolved into the periodic fringes with
orientation perpendicular to the laser polarization direction, as shown in Fig. 6, the measured
period of which is about 626 nm, less than that of the concentric rings. In other words, we can
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understand that the observed periodic fringes at the high laser energy fluence conditions should
belong to the traditional grating-like LIPSS phenomenon. All in all, for our experiment two types
of the laser-induced periodic structures can be formed inside the cavities: one is the concentric
rings with the period longer than the laser wavelength at the low incident energy fluence, and the
other is the traditional grating-like LIPSS with the period smaller than the laser wavelength at the
high incident energy fluence.

Fig. 5. The effect of laser polarization on the geometry of concentric rings. (A) Linear
polarization, (B)-(D) Elliptical polarization with different ellipticities (ε=0.2, 0.33, and
0.5 respectively). Here the incident laser energy fluence is F = 8 mJ/cm2 with the moving
velocity of v= 0.4 mm/s. The cavity parameters are 8 µm in diameter and 800 nm in height.
The black dotted lines represent the polarization situations.

Fig. 6. Comparison of structures morphology through the different irradiation energies
of the linearly polarized femtosecond laser with 800 nm wavelength. The prefabricated
structures are all 8 microns in diameter during processing and from 600 to 1500 nm in depth.
The scale bars are 1 µm.
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3.3. Underlying mechanisms of the concentric rings formation

In order to comprehensively understand the formation mechanisms of the concentric rings within
the cylindrical cavities, we applied the FDTD method to simulate the physical process, during
which the diameter of the cylindrical cavity is set as ϕ=8 µm with varying the etching height
from H= 600 nm to 1500 nm, and the laser polarization is assumed linearly in the horizontal
direction. When the incident laser fluence is relatively low, the substrate silicon material is
considered to have a refractive index of n= 3.688+ 0.006i at the wavelength of λ=800 nm, and
the calculation results are shown in Figs. 7(A)-(D). It is clear that the concentrically periodic
intensity distributions begin to appear at the bottom of the cylindrical cavity, especially with
the pronounced patterns along the radial directions having the larger angles relevant to the laser
polarization, which has a period larger than the laser wavelength as the type I shown in Fig. 7(I). In
addition, with increasing the cavity height, the simulated numbers of the concentric ring formation
are seen to decrease. On the other hand, when the laser energy fluence becomes relatively high,
the silicon material can be optically excited, leading to a change in the permittivity value. For
example, at the free carrier density of N= 7.5× 1021 cm−3, the calculated permittivity is ready
to become εˆ*= -15.3+ 2.4i [43], which makes the silicon material transfer into a metal-like
state for the SPP excitation. Accordingly, the simulation results are shown in Figs. 7(E)-(H).
Here, the permittivity change allows the SPP excitation to also form the periodic strip intensity
distributions perpendicular to the polarization direction, which has a period smaller than the laser
wavelength superimposed with the concentrically periodic intensity distributions (Type II) as
shown in Fig. 7(I).

Fig. 7. Simulation results of E-field distribution on the different parameters of cylindrical
cavities. The different height cylindrical cavities are of H= 600 nm, 800 nm, 1000 nm and
1500 nm under the low energy excitation (A)-(D) and the high energy excitation (E)-(H). (I)
Schematic illustration of two different types of LIPSS.

After that, we carried out an in-depth numerical analysis of the modulation effect from the
pre-fabricated cavity structure irradiated by the linearly polarized light, and the corresponding
model is shown in Fig. 8(A), where the cavity diameter and height are given by 8 µm and 800 nm,
respectively; and the refractive index of Si material has a tabulated value. In comparison with the
simulation result in the x-z plane (Fig. 8(B)), the calculated E-field distribution demonstrates
a clear periodic patterning in the y-z plane (Fig. 8(C)). In other words, the obtained intensity
fringes of the E-field appear to be pronounced with the high visibility especially along the radial
direction perpendicular to the light polarization. Here, the interference phenomenon between the
incident laser and the boundary scattering light occurs in the near-field range of the propagation,
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where the scattered lights in the x-z plane and y-z plane (Figs. 8(B and C) can be regarded as the
cavity boundaries produce the reflected light under the P-wave and S-wave incidence respectively
as shown in Fig. 9(A). Compared with P-wave incidence, the mode of S-wave incidence has
the higher reflectivity and the phase does not change abruptly (Fig. 9(B)), so the scattered light
under the S-wave incidence has the higher and clear periodic E-field distribution in the optical
interference theory [44].

Fig. 8. (A) Schematic diagram of the incident 800 nm wavelength of the linearly polarized
light along the z-axis from the top. Simulated spatial E-field distributions in the x-z plane
(B) and y-z plane (C).

Fig. 9. Irradiating the silicon surface with different incident modes. (A) Schematic
illustration of two irradiation types. (B) Reflectivity and phase change of silicon surface
with two irradiation types.

In addition, according to the optical interference theory for two beams, the visibility of
the intensity fringes is also determined by the interfering term of I12 ∝ cosα, where α is an
intersection angle between directions of the linear polarization for two lights involved [44] [45].
In order to further explore the influence of the cavity boundary scattering on the laser polarization,
we only consider the effect of the upper boundary of the cylindrical cavity on the interference,
thus simplifying the model into a circular hole on the Si plate, as shown in figure 10A. For the
available E-field distribution in the x-z plane, as shown in Fig. 10(B), the boundary scattering
would like to result in almost no periodic patterns, in particular associated with varying the vector
directions (the white arrows). However, for the obtained situation in the y-z plane, it can be found
from Fig. 10(C) that the boundary scattering tends to make the E-field distribution exhibit not
only the clear periodic patterns but also the unchangeable vector direction (the white arrows) with
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respect to the incident light polarization. The physical reason for this phenomenon is essentially
due to the phase-matching conditions of the electromagnetic wave propagation at the boundary,
which requires that the variations of electric and magnetic components should be continuous in
the tangential direction [44]. That is, the change of polarization direction for the scattering light
depends on the spatial orientation of the cavity boundary relative to the incident light polarization.
The polarization change becomes stronger for their perpendicular replacement. In fact, when the
polarization property of the scattered light can be well maintained, the value of the interfering
term I12 ∝ cosα would like to reach the maximum, thus leading to the clear observation of the
periodic fringes. In addition, from Fig.10C we can find that the spacing of interference fringes
seems to increase with larger z values, which can be certainly used for explaining the observed
positive correlations between the pre-fabricated structure height and the concentric ring period.
The physical reason for this phenomenon is essentially due to the ring period Λ∝D, where D is
the distance from the source to the interference position [46].

Fig. 10. (A) Schematic diagram of the incident 800 nm wavelength of linearly polarized
light along the z-axis from the top. The blue arrow is the polarization direction, and the red
lines represent the positions of the monitors. (B) and (C) are the simulated electric field
distributions on the x-z and y-z planes, respectively, and the white arrows in the figure are
the E field vectors.

Based on the above discussion, we can confirm that the observed spatial discontinuity of the
concentric rings formation is attributed to the polarization change by the scattering of the cavity
boundary, whose orientation is continuously varied relative to the incident linearly polarized laser.
Thus, both the integrity and the continuity of the concentric rings can be controlled by changing
the polarization state of the incident light, as shown in Fig. 11. Under the light incidence with the
ellipticity of ε=0.2 (the intensity difference of the light polarization along the long and short axis
directions is large), the formation of concentric rings is clearly seen to a have the non-uniform
intensity distribution, the strong parts of which are mainly located on the specific arc areas with
the large intersection angles between the radial directions and the long axis of the elliptically
polarized light. As the ellipticity of the incident light increases (Figs. 11(B) to (D)), the intensity
difference of the light polarization along the long and short axis directions becomes small, so
that the strong intensity of concentric rings begins to be annularly extended, eventually leading to
the spatial continuity for the incident circular polarization of the light. All of these simulations
are well consistent with the experimental results. Now we can understand that the formation of
concentric submicron rings within the cylindrical cavity physically originated from the near-field
interference between the incident and the boundary scattering lights. Of course, this method is
also applicable to manufacturing other types of structures (Fig. S2) by the incident circularly
polarized laser onto the quadrangular and triangular cavity.
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Fig. 11. Simulation E-field distribution results for the incident lights with different elliptical
polarizations. (A)-(D) The ellipticities of the light are ε=0.2, 0.33, 0.5 and 1, respectively.
Here, the cylindrical cavity has 8 µm in diameter and 800 nm in height, which is illuminated
by the 800 nm wavelength of the light, and the black dotted line patterns in the figure are
polarization states.

3.4. Application of the concentric rings for fluorescence enhancement

To confirm the potential capability of the aforementioned concentric ring structures, we carried
out an additional experiment to test the fluorescence emission behaviors of the perovskite quantum
dots on them, as shown in Fig. 12(A), where the laser excitation source has a wavelength of
λL= 473 nm. It is clear that the measured peak intensity of the fluorescence on the concentric
ring structures is about 8.5 times higher than that of the smooth surface. Through adopting the
FDTD method with the incident circular polarization of the light, we also simulated the E-field
distribution on the bottom of cylindrical cavity with and without concentric ring structures, as
shown in Figs. 12(B) and (C). Evidently, in the case of the concentric rings the calculated E-field
tends to exhibit a strong intensity at the central spot and it gradually decreases towards the outer
rings, however, all of which are significantly higher than those of the smooth surface. Therefore,
we can reasonably attribute the improved fluorescence measurement to the near-field enhanced
excitation of the incident light, which indicates the light-converging function of the concentric
rings within the cavity. Meanwhile, Fig. S3 shows the E-field enhancement effect at the center of
the concentric rings for the incident light with different wavelengths, which is also helpful for
improving the surface enhanced fluorescence in the future.

Fig. 12. (A) The measured photoluminescence intensity spectra of perovskite quantum
dots for two different situations. Simulation results of E-field distribution on the bottom of
cylindrical cavity with (B) and without (C) the concentric ring structures.

4. Conclusion

In summary, we introduce a new method to fabricate micro or nanostructures which are flexibly
controlled on the geometric morphology. Through the FDTD simulations, we have deeply
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investigated the underlying mechanisms of concentric rings formation which is the near-field
interference of the incident laser and the scattering light from the pre-fabricated structure. This
method will help to produce some new types of micro/nano-structures by designing pre-fabricated
structures to control the near-field interference in the future, which combines the laser scanning
to achieve large-area and high-efficiency fabrication. In addition, we have preliminarily explored
the enhanced fluorescence of concentric rings, which proves the ability of concentric rings to
converge surface waves.
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