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A B S T R A C T   

Femtosecond laser-induced micro and nanostructures have been widely explored, because of their exhibiting 
great potential applications in many areas. However, the flexible control of the surface structure in both 
morphology and arrangement regularity still needs further investigation. This paper presents a maskless method 
to fabricate the two-dimensional periodic arrays of nanostructures on silicon surface based on the surface wave 
self-regulatory effect upon irradiation of the circularly polarized femtosecond laser. The spatial period of the 
regular structure arrays exhibit the alterable and constant values in the directions parallel and perpendicular to 
the sample scanning, respectively, the latter of which is highly dependent on the laser scanning speed. The 
formation mechanisms of the periodic structure arrays are explored through simulations with both the finite- 
difference time-domain method and the dynamic interference positive feedback model. The dynamic modula
tion of the laser energy on Si surface is revealed to originate from the self-regulatory effect during the laser 
processing. In addition, the depth of the two-dimensional structure arrays can be further experimentally adjusted 
from 74.5 nm to 112 nm by HF etching process.   

1. Introduction 

Over the past decades, the generation of periodic micro and nano
structures has been extensively studied by researchers because of its 
well-known advantages for the light manipulation in the amplitude [1], 
phase [2], polarization [3], and frequency [4], which provides 
numerous important application prospects [5–7]. Up to now, although 
some mature technologies including electron beam lithography [8], 
focused ion beam milling [9], and photolithography [10], have been 
widely used for the high resolution manufacturing, they are still limited 
by the intrinsic shortcomings, such as the costly equipment, complex 
procedures, and masking requirement. With the rapid development of 
femtosecond laser, it has been proved as a new powerful and versatile 
tool for the high precision manufacture based on the unique properties 
of the high efficient and convenient production without non-material 
selection, which has been already successfully employed in many 

areas, such as the medical treatment, nanophotonics, bio-sensors, micro 
or nanofluid [11–13]. 

As a universal phenomenon of the femtosecond laser-material 
interaction especially with the energy fluence close to the damage 
threshold, the laser-induced periodic surface structure (LIPSS) was 
found to possess capabilities of easily gaining the subwavelength or even 
deep-subwavelength fabrication on a variety of materials. In spite of 
dispute, the underlying formation mechanisms have been largely 
attributed to interference of the incident laser with the excited surface 
plasmon polaritons (SPPs) or the scattered waves, leading to the 
spatially periodic distribution of the laser energies on the material sur
face [14–17]. In the previous studies, one-dimensional (1D) grating-like 
LIPSS has been successfully implemented on different materials [18,19]. 
Although they were mostly performed with the linear polarization of the 
incident laser pulses [18,19], both the control of the SPP excitation and 
the structure arrangements are still restricted [14,15,20,21]. To 
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surmount the barrier of the traditional 1D LIPSS formation, our research 
group previously reported a method of producing two-dimensional (2D) 
periodic subwavelength structure arrays under irradiation of the pico
second time-delayed double femtosecond laser pulses on metal surfaces 
[22,23]. In addition, through using the circular polarization of femto
second lasers, other authors have also demonstrated the generation of 
2D surface structures [24,25], however, their using spherical focal lens 
make the high regular structure formation become often hard [26–28]. 

Herein, we proposed a high-efficient controllable method for fabri
cating the 2D structure arrays by the cylindrical focusing of the femto
second laser on Si surface. It is revealed that the surface morphology 
induced by the antecedent laser pulse irradiation tends to modulate the 
SPP excitation of the follow-up laser pulse irradiation, and the conse
quent re-distribution of the laser intensity can further affect the struc
ture development, which constitutes positive feedbacks via the mutual 
interaction between the laser and surface structures. Through observing 
the evolution of surface morphology with different numbers of laser 
pulse irradiation, we can divide the formation of 2D periodic nano
structures into three processes, which are further verified by the simu
lations of both the finite-difference time-domain (FDTD) method and the 
dynamic interference positive feedback (DIPF) model. In addition, the 
structure period in the scanning direction can be tuned by varying the 
scanning speed. 

2. Experimental 

2.1. Femtosecond laser processing scheme and characterization 

A schematic of the experimental setup is demonstrated in Fig. 1, 
where the laser source is a commercially available chirped pulse 
amplification of Ti sapphire femtosecond laser (Spectra-Physics HP- 
Spitfire 50) system, to deliver the pulse trains at the repetition rate of 
1 kHz with the central wavelength of 800 nm and the time duration of 
40 fs. A cylindrical lens (f = 50 mm) was employed to focus the 
femtosecond laser beam on the polished Si wafers (100) in ambient air. 
The incident laser energy was controlled by the combination of a Glan 
prism and a half-wave plate. A quarter wave-plate (zero-order) was used 
for transforming the femtosecond laser from the linear polarization into 
the elliptical or circular state. The spatial length and width of the 
focused laser beam spot were estimated about 5 mm and 10.3 μm, 
respectively, via Zemax software, as shown in Fig. S1. A three 

dimensional translating stage was adopted to fix the sample and have a 
precisely controllable movements. An electrical shutter (SH05) was 
inserted into the optical path to control the number of laser pulse 
accumulation on the sample surface. The morphologies of the laser- 
induced surface structures were characterized by both a scanning elec
tron microscope (SEM, Hitachi S-4800) and an atomic force microscope 
(AFM, Bruker). 

2.2. Theoretical simulations 

The electric (E)-field distribution of the laser intensity on the sample 
surface during the femtosecond laser processing was simulated with the 
FDTD method (Lumerical software package). The simulation details are 
clearly shown by a diagram in Fig. S2. During the whole simulation, we 
employed two different surface conditions: the initially laser-damaged 
random morphology and the regular structure arrangement. Accord
ingly, the idea of this simulation is to quantitatively reveal that the 
incident laser field distribution can be spatially modulated by the sur
face structures. In other words, the generation of the stable laser field 
distribution is very physically required for the following periodic 
structure formation. In contrast, the DIPF simulation was carried out 
with MATLAB (R2014 b) software (see the supporting information B for 
details). It is actually based on the SPP interference to present the dy
namic process of the surface wave self-regulating, which can reveal the 
positive feedback modulations between the surface morphology and the 
SPP excitation during the laser processing. The entire evolution process 
includes multiple calculation iterations with the continuous irradiation 
of laser pulses, each of which only concentrates on a process of how one 
laser pulse is modulated in the field intensity via the particular surface 
morphology. Both the FDTD and DIPF simulations have their own 
unique features for the understanding of LIPSS development. The former 
method can clearly demonstrate the influence of the experimentally 
measured surface morphology on the field intensity distribution of the 
following laser pulse irradiation, but it cannot show the dynamic evo
lution process. That is, it only concerns the issue at one specific temporal 
stage of LIPSS growth. Whereas, the DIPF simulation can present the 
dynamic physical pictures during the LIPSS formation, in which the 
employed surface morphologies at the intermediate stages cannot be 
observed. Anyway, the purpose of our using the two simulations tries to 
provide deep insights into the whole LIPSS formation, especially when 
their different description aspects are mutually complemented each 

Fig. 1. Schematic diagram of the experimental setup for the femtosecond laser fabrication.  
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other, i.e, the finally observed regular structures are originated from the 
positive feedback self-regulating processes between the surface 
morphology and the surface wave excitation. 

3. Results and discussion 

3.1. Femtosecond laser patterning of 2D structure arrays on Si surfaces 

During the experiment, the laser-induced surface structures were 
firstly carried out by the sample scanning with a speed of V = 1.2 mm/s 
at the incident laser fluence of F = 245.65 mJ/cm2. After that, the laser- 
exposed sample was ultrasonically cleaned in deionized water and 
ethanol for 20 min and then followed by the blow-drying with N2. Fig. 2a 
shows a relationship between the laser scanning process and the 2D 
periodic arrays structure formation. As shown in Fig. 2b, 2D periodic 
arrays of the spindle-like nanostructures are presented on Si surface, 
with a column spacing of each period of Λ = 1.2 μm and a period of Λ =

775 nm in the directions parallel and perpendicular to the scanning 
direction (denoted by the blue single-head arrow), respectively. Their 
corresponding cross-section images are illustrated in Fig. S3. The AFM 
measurement of the structure depth approximated 74.5 nm (Fig. 2c). 
The corresponding fast Fourier transform (FFT) image of the surface 
structures is shown in Fig. 2d, where the distinct distribution of the 
bright dots indicates the high regular profile of the structures in the 
spatial domain. In terms of the FFT spectra, the measured frequency 
spacing has a value of 0.4 μm− 1 and 1.29 μm− 1 in the directions parallel 
and perpendicular to the sample scanning, respectively. 

According to the previous study [29], the interaction between the 
femtosecond laser and the semiconductor surface often undergoes the 
following physical stages: (i) the carrier excitation, (ii) the carrier 
thermalization, (iii) the carrier recombination, and (iv) the thermal and 
structuring effects. The final stage can be presented by melting, evapo
ration, thermal diffusion and re-solidification. As for the material of 
silicon, the femtosecond laser processing starts with the generation of 

Fig. 2. (a) Schematic diagram of the laser scanning. (b) SEM image of the two-dimensional structure arrays on Si wafer (100) produced by the femtosecond laser 
with the scanning speed of V = 1.2 mm/s and the laser fluence of F = 245.65 mJ/cm2. (c) AFM and (d) 2D-FFT analysis of the two-dimensional structure arrays on Si 
surface. (e) SEM image and (f) AFM morphology of the 2D periodic structure arrays after etching in 5 % HF for 45 min. (g) The measured variation of the structure 
depth as a function of etching time. The scale bar is 1 μm. The red and blue arrows are directions perpendicular and parallel to the scanning, respectively. 
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free electrons, and then followed by thermal melting, overheating of the 
liquid phase and rapid solidification into the amorphous phase [29,30]. 
In fact, after the femtosecond laser irradiation the single-crystalline 
silicon can be transformed into the polycrystalline or amorphous pha
ses. In our case, as shown in Fig. 2b, the laser-induced 2D structure ar
rays with nanodots distribution appear to provide the rough surface, 
which might contain polycrystalline, amorphous and oxidation com
ponents [31,32]. In order to make the morphology appearance smooth, 
we employed the 5 % HF as an etching regent to eliminate the amor
phous and oxide materials, because of their etching rate much larger 
than that of the crystal. A SEM image of the structure morphology after 
45 min etching in HF is shown in Fig. 2e, where the sharp structure 
profile with less particle depositions are observed. The further AFM 
characterization, as shown in Fig. 2f, indicates that HF etching process 
can lead to an increase not only in smoothness but also in depth of the 
structure arrays. The measured variation of the structure depth with the 
etching time is shown in Fig. 2g, where the modified structure depth 
seems to firstly increase from 75 nm to the maximum of 112 nm under 
45 min etching. More interestingly, as the etching time further increases, 
the variation of the structure depth was seen to have a decreasing ten
dency. As the previously mentioned, because the etching rate of HF for 
the amorphous silicon is faster than that for the crystalline silicon, the 
amorphous part can be gradually removed from the surface and even 
completely peeled off at the large etching time of about 45 min. After 
that, the crystalline silicon material begins to be etched by HF at the 
slow speed, leading to no increase of the structure depth any more, or 

even a slightly decreased depth. The evolution of the surface 
morphology with the etching time is shown in Fig. S4. 

3.2. Formation mechanisms of the 2D nanostructure arrays 

The formation mechanisms of the aforementioned periodic 2D 
nanostructure arrays can be attributed to the self-regulatory of SPP 
excitation. In order to understand this effect, we first investigated the 
dynamic evolution of the surface morphology by effective controlling 
the numbers of femtosecond laser pulse irradiation on the material 
surface via the electrical shutter, and at least 10 pulses are allowed to 
pass within the time of its opening. Fig. 3a-d show the observations after 
irradiating 10, 15, 20 and 25 laser pulses on the surface during the 
sample scanning, at the given scanning speed of V = 1.2 mm/s and the 
laser energy fluence of F = 245.65 mJ/cm2. Obviously, the surface 
morphology is seen to vary with the increase of pulse numbers partially 
overlapped along the scanning direction. 

Generally, the change of surface morphology can be divided into 
three parts: the initial damaged region (I), the disordered structure re
gion (II) and the regular structure region (III). The region I is generated 
by at first striking of a few laser pulses to roughen the flat surface with 
the presence of the ablated parallel shallow grooves and the random 
nanoparticles, the former of which is in fact created by the cylindrical 
focusing line-shaped laser beam spot, with the adjacent spatial distance 
depending on the scanning speed. This is much different from the pre
vious studies of the structure formation by the laser focusing of the 

Fig. 3. (a)-(d) SEM images of the Si surface morphology irradiated by different laser pulse numbers of 10, 15, 20, 25. The white arrow indicates the direction of the 
scanning direction, and the white dotted lines for the position of the first laser pulse irradiation. 

R. Li et al.                                                                                                                                                                                                                                        



Applied Surface Science 605 (2022) 154615

5

spherical lens, where a circular or elliptical profile is usually presented 
on the initially damaged surface region [25,26,28,33]. Noticeably, here 
the appearance of the shallow parallel ablation grooves is crucial for the 
subsequent formation of the 2D structure arrays. With increasing the 
number of laser pulses to N = 15 (Fig. 3b), the surface morphology 
appears to evolve into a disordered profile, associated with the groove 
splitting and the finer stripes formed inside. As the number of laser pulse 
irradiation reach N = 25 (Fig. 3d), the surface morphology turns into the 
uniform structure formation. In other words, the dynamic evolution of 
the surface morphology can be understood as follows: the initial laser 
pulses acting on the material often lead to the rough surfaces through 
the ablation behavior, which provides the basic conditions for the SPP 
excitation of the subsequent laser pulse irradiation [34,35]. On the 
rough surface consisting of nanoparticles, the light is diffracted into 
components with different wave vectors, which certainly provides the 
feasible coupling to satisfy the physical conditions of the SPP excitation 
on the interface. As a result, the laser intensity distribution will be 
modulated and the SPP excitation is affected by the ablation patterns, 
while the modulated energy in turn affects the change in the surface 
morphology. With the repeated mutual modulation between the surface 
morphology and the SPP excitation, the stable structure formation will 
be eventually achieved, which is the so-called self-regulatory process. 

In order to better clarify the self-regulatory effect in the structure 
arrays formation, we put forward the FDTD simulations of the near-field 
distribution of the laser energy modulated by the structures via the SPP 
excitation (the model details are shown in Fig. S2 c). As shown in Fig. 4a- 
b, when the groove with one or two circular craters standing nearby was 

assumed for the modeling, the laser-SPP interference generated by these 
objects can be achieved on the material surface, leading to the spatial 
intensity distribution profiles similar to the patterns of the aforemen
tioned disordered structure region II. In order to explore the modulated 
laser intensity distribution by the surface structure, we employed the 
AFM measured morphology of the structure arrays for the FDTD simu
lation, where the region I is the final arriving place of the previous laser 
pulses. And the region II is the smooth surface ready for the irradiation 
by the next laser pulse; moreover, the spacing between and regions I and 
II is set as 1.2 μm according to the scanning speed. It is seen clearly there 
are more laser energy localized inside the valley regions of the surface 
structure. Fig. 4(d) shows the SPP distributions of the two regions in 
Fig. 4(c), which confirms the near-field modulation effect of the existing 
surface structure on the subsequent irradiation of laser pulse. Mean
while, the simulation result of Fig. 4 (d) confirms the simulated SPP 
distributions on two regions (I and II) seem to be regular but with spatial 
mismatching each other. Thus, when the next laser pulse arrives at the 
region II, the newly generated surface structures based on the laser-SPP 
interference is also regular but with the mismatched spatial arrangement 
in relevant to the structure in region I. In other words, once the regular 
structures are formed, its modulation on the subsequent laser irradiation 
tends to make the new structures develop in a regular way. 

Furthermore, we employed a physical model developed by Hampp 
[24], to evaluate the dynamical evolution process of the surface 
morphology under irradiation of femtosecond laser pulses. First, the 
understanding of the physical properties for the SPP excitation around 
the sources is very critical for the dynamical evolution process. In order 

Fig. 4. FDTD simulation of the intensity distribution in different regions. (a)-(b) The disordered region. (c) The final regular region. (d) The E-field intensity in the 
center part of the last period (I) and the Si plane (II). 
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to compare the SPP excitation behaviors by the circularly and linearly 
polarized lights, we calculated the E-field distribution around the 
nanoparticle with the FDTD method. As shown in Fig. S5, the SPP 
excitation has a uniform distribution in all directions for the incident 
circularly polarized light, while it only propagates along one direction 
under the linearly polarized light. As a matter of fact, such kind of laser 
polarization dependent SPP propagation can be also manifested by the 
obtained variable surface morphologies on the material surface 
(Fig. S6), in which the periodic 2D nanostructures can only be formed by 
the all-direction uniform distribution of SPP excitation under the 
circularly polarized light irradiation. Then, the feedback loop is based 

on the excitation sources through the SEM observation, and the laser- 
SPP interference patterns at the position of the following laser pulse 
irradiation is obtained by the iterative simulation process [17,36], and 
the details of calculation can be found in the supplement B. 

In the simulation, we selected an area within the initially laser- 
damaged region to start the calculation (Fig. 5a).The simulation re
sults after 1–5 iterations are shown in Fig. 5b-f, which are strikingly 
similar to the experimental observations and well illustrate three stages 
during the formation of surface structures. The results of the first and 
second iterations indicate that the laser-SPP interference is ready to 
transform the flat surface into the random patterns, which corresponds 

Fig. 5. Simulated interference patterns with different iterations by DIPF. (a) The imported SEM image for building up the initial SPP excitation source. (b-f) The 
results of the laser-SPP interference after 1 to 5 iterations. 

Fig. 6. (a-i) Morphology of 2D periodic nanostructure arrays with the laser scanning speeds of 0.6 mm/s, 0.8 mm/s, 1 mm/s, 1.2 mm/s, 1.4 mm/s, 1.6 mm/s, 1.8 
mm/s, 2 mm/s and 2.2 mm/s, respectively. The scale bar in these figures are all 3 μm. (j) The corresponding measured spacing of the structure and pulse intervals 
with varying laser scanning speeds. 
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to the disordered structure region during the accumulated laser pulse 
irradiation experiment. As the iteration step increases, the simulated 
spatial distribution of the interference patterns tends to be regular 
(Fig. 5e and 5f). Because the obtaining DIPF result is based on the 
continuous modulation between the structure morphology and the 
surface wave excitation, it can well explain the self-regulatory effect 
during the regular structure formation. However, it should be 
mentioned that, the simulation of surface morphology reaches the reg
ular distribution after 5 iterations, while the experimentally observed 
uniform structure arrays were achieved after 10 pulses irradiation. This 
may be due to the different nanoparticle distribution between them to 
affect the SPP excitation. 

The patterns in Fig. 3 are the engraving results of different numbers 
of laser pulses at the same scanning speed, which indicate that the for
mation of the regular structure arrays requires a certain number of laser 
pulses accumulated on the material surface. The experimental results 
showed that the effect of each laser pulse irradiation on the material 
surface is spatially separated, associated with the particular surface 
morphology formation. In addition, the simulation result in Fig. 5 was 
actually based on the laser-SPP interference to present a dynamic evo
lution of surface wave self-regulatory process, which can reveal the 
positive feedback modulations between the surface morphology and SPP 
excitation during the laser processing. Thus, during the iterative pro
cesses of DIPF simulation, the influence of each pulse is considered in the 
dynamic evolution to show its own related interference pattern. In 
summary, the reason for the formation of regular structure is the 
interference between each laser pulse and the SPP of its location. 

3.3. Modulation of surface morphology for 2D nanostructure arrays 

Based on the above discussion, the mutual modulation between the 
surface morphology and the SPP excitation plays a key role in control
ling the final structure formation. Because each column of the structure 
formation within 2D arrays is in fact generated by the laser pulse irra
diation at this place, the spatial interval of the adjacent laser pulses will 
certainly affect the SPP distribution and morphology construction. To 
better understand this effect, we carried out the additional experiments 
by varying the scanning speed to control the pulse for the morphology 
change, and the corresponding SEM images of the results were displayed 
in Fig. 6a-i. With the increase of the scanning speed, the structure period 
in the direction perpendicular to the scanning direction is able to 
maintain while it gradually increases in the scanning direction. The 
measured statistical relationship between these parameters is plotted in 
Fig. 6j, which indicates the constant period of Λ = 800 nm along the 
direction perpendicular to the scanning direction and a column spacing 
of each period increase along the scanning direction in proportion to the 
scanning speed. In other words, because the spatial interval of the 
adjacent laser pulses arriving at the surface plays an important role in 
the self-regulatory process, it is possible to control the structure period 
by simply adjusting the scanning speed. 

4. Conclusions 

This study has deeply investigated a maskless effective method for 
one-step fabricating the regular arrangement of 2D periodic nano
structures on Si surface, using the cylindrical focusing of femtosecond 
laser pulses with circular polarization. The experimental results have 
demonstrated that the uniform structure arrays can be obtained with 
fine adjusting the scanning speed. The formation mechanisms are 
attributed to the self-regulatory effect of the SPP excitation from the 
modulation of the transient surface morphology, which is sufficiently 
confirmed by both the FDTD and DIPF simulations. It is believed that our 
deep insights for the 2D formation of nanostructure arrays will benefit 
the understanding of the femtosecond laser regular surface structuring 
and applications. 
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