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A B S T R A C T   

Femtosecond laser induced periodic surface structures (LIPSSs) have been implemented on various materials. 
However, its further development in manipulation of optical properties is hindered by the shallow depth. Herein, 
the paper proposes a novel method of two-step spatial-selective amorphization for producing the deep regular 
nanogratings on silicon by femtosecond laser and chemical etching with HF acid. In the first step, the spatially 
periodic amorphization of silicon surface is fabricated by the surface plasmon excitation of the incident 
femtosecond laser, the chemical etching of which produces the shallow gratings with a period of 765 nm, or so- 
called prefabricated-LIPSSs (pre-LIPSSs). During the second step, the spatial-selective amorphization of sample 
takes place by exploiting the local field enhancement of laser irradiation within the grooves. After chemical 
etching, the deep local field enhancement assisted LIPSSs (LFE-LIPSSs) are formed, with a three-fold larger depth 
of 155 nm but an invariable period. Comparing with the pre-LIPSSs, the LFE-LIPSSs show 45% increase in anti- 
reflection performance at around 700 nm and surface-enhanced Raman scattering (SERS) anisotropy ratio is 
increased about four times with 4-MBA molecules as probe molecules. This work provides a promising approach 
to fabricate deeper LIPSSs for more effectively controlling the optical properties of materials by femtosecond 
laser.   

1. Introduction 

In the information era, the high performance of optical and elec-
tronic devices plays an irreplaceable role in developing science and 
technology, and micro/nano-structure materials are critical points in 
their development. Especially for the optical devices, micro/nano- 
structures have drawn considerable research interests, due to their 
excellent performance in modifying optical characteristics of the mate-
rial surface, including promoted absorptivity, [1,2] enhanced lumines-
cence, [3] and light field regulation [4]. Researchers can endow micro/ 
nano-devices with different functions and manipulate the light acting on 
the material’s surface by the design of appropriate micro/nano- 
structures, which broadens its application in various fields, such as 
solar-thermal devices, [5,6] surface-enhanced Raman scattering (SERS), 

[7–9] integration optical devices, [10] metamaterials, [11,12] and 
nonlinear optics [13]. Thus, the advanced micro/nano-manufacturing 
techniques are essential for promoting the development of such de-
vices. To date, the existing strategies for the micro/nano-fabrication, 
including electron beam lithography, [14] focused ion beam milling, 
[15] and photolithography, [16] have been widely used with the high 
resolution and precision. However, there are still some restrictions on 
these techniques, such as the expensive equipment, extremely compli-
cated processes, lack of flexibility, and mask preparation. 

During the past few years, we have witnessed a tremendous surge of 
interest in the study of ultrafast lasers which are becoming more user- 
friendly and less expensive every year. The technique of femtosecond 
laser processing with the high spatial resolution and minimal thermal 
damage provides a new idea for the mirco/nanoscale fabrication [17]. 

* Corresponding authors at: GPL, State Key Laboratory for Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sci-
ences, Changchun 130033, China. 

E-mail addresses: zhiyu@ciomp.ac.cn (Z. Yu), jjyang@ciomp.ac.cn (J. Yang).  

Contents lists available at ScienceDirect 

Applied Surface Science 

journal homepage: www.elsevier.com/locate/apsusc 

https://doi.org/10.1016/j.apsusc.2022.152965 
Received 12 November 2021; Received in revised form 13 February 2022; Accepted 27 February 2022   

mailto:zhiyu@ciomp.ac.cn
mailto:jjyang@ciomp.ac.cn
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2022.152965
https://doi.org/10.1016/j.apsusc.2022.152965
https://doi.org/10.1016/j.apsusc.2022.152965
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2022.152965&domain=pdf


Applied Surface Science 589 (2022) 152965

2

Even though its resolution and precision cannot match with the tradi-
tional techniques, the unique advantages of high efficiency, conve-
nience, low cost, and flexible 3D machining can be given in the material 
fabrication. Traditional manufacturing techniques can’t fabricate 
structures directly inside silicon, but Tokel et al. successfully fabricated 
complex 3D microstructures deep inside silicon by ultrafast laser with 
chemical etching [18]. Especially, the intriguing physical mechanisms of 
femtosecond laser-material interaction provide a distinctive perspective 
for manipulating physical and chemical properties of the material sur-
face [19]. 

With the development of LIPSSs, which is firstly discovered on a 
germanium surface in 1965 by Birnbaum, the utilization of femtosecond 
laser irradiation for this purpose has made tremendous progresses 
especially in the structure dimension and accuracy [20,21]. More 
importantly, femtosecond-LIPSSs on multifarious materials, including 
metals, [22,23] semiconductors [24–26] and insulators, [27–29] can 
exhibit multiple functional features. The preparation of periodic struc-
tures on the surface of tungsten by Qiao et al. significantly improved the 
absorption efficiency [30]. By taking advantage of the flexible 
machining of the femtosecond laser, Bai et al. fabricated Cu-Ag LIPSSs in 
the microchannel for sensitive SERS detection [31]. By focusing the 
femtosecond laser on graphene oxide (GO) films, Zou et al. successfully 
obtained the reduced-GO-LIPSSs films to cause the enhanced light ab-
sorption and an anisotropic photoresponse [32]. Owing to the excellent 
properties, silicon has been widely studied for the development of the 
regular LIPSSs. Recently, Zhang et al. presented a pulse shaping system 
to fabricate homogeneous LIPSSs on Si surface [33]. In particular, Siegel 
et al. have demonstrated to fabricate the crystalline-amorphous LIPSSs 
on silicon by controlling the laser power [34–36]. Furthermore, several 
reports have combined laser processing silicon crystalline-amorphous 
LIPSSs with chemical etching, which can control the diffraction effi-
ciency on Si surface by tuning the structure heights [26,37,38]. As it is 
known, both the deep and regular distributions of LIPSSs are beneficial 
for promoting optical characterizations, including antireflection and 
diffraction efficiency. However, the obtaining of femtosecond-LIPSSs 
with deeper and more regular profiles is still a challenge. 

In this paper, we proposed a novel strategy by two-step spatial-se-
lective amorphization for fabricating deep nanograting structures on a Si 
surface using a femtosecond laser with chemical etching. Herein, due to 
the interference of weak surface plasmon polaritons (SPP) and incident 
laser, the regular crystalline/amorphous periodically staggered gratings 
perpendicular to the polarization direction of femtosecond laser were 
first created on the Si surface, followed by the etching process to acquire 
the prefabricated-LIPSSs (pre-LIPSSs). In the second step, the obtained 
local field enhancement assisted LIPSSs (LFE-LIPSSs), without change in 
the spatial period of the structures, can be further deepen because the 
enhanced light field in grooves played a dominate role. After HF etching, 
the maximum depth of the LFE-LIPSSs (155 nm) can be increased to 
three times comparing to that of pre-LIPSSs (50 nm), coupled with the 
improved antireflection and enhanced polarization dependence SERS 
performance. To a certain extent, this study improved the controllability 
and optical performance of LIPSSs and provided a novel approach in 
promoting femtosecond laser processing techniques. 

2. Experimental section 

2.1. Materials 

The single-face polished crystalline silicon wafers (100) were pur-
chased from Sibranch Electronic Science and Technology Company. 
Hydrofluoric acid and ethanol were purchased from Beijing Chemical 
Works. 4-Mercaptobenzoic acid (4-MBA) was bought from Sigma- 
Aldrich. Deionized water (18.0 MΩ cm− 1) was used during the 
experiment. 

2.2. Fabrication of periodic structures 

A Ti: sapphire chirped-pulse amplification femtosecond laser system 
(Spitfire Ace, Spectra Physics, USA) was used for the structure fabrica-
tion, which delivers the pulse trains with a time duration of τ = 35 fs and 
a central wavelength of λ = 800 nm at a repetition rate of 1 kHz. As 
shown in Figure S1, a combination of a half-wave plate and a Glan prism 
was used to change the linear polarization and the laser pulse energy. A 
cylindrical lens (focal length = 50 mm) was adopted for focusing the 
femtosecond laser beam into a narrow line-shaped spot with a width of 
6.08 μm and a length of 8.5 mm, respectively. 

2.3. Preparation of samples for SERS measurements 

First, the sample surfaces were coated with 20-nm-thick Au or Ag 
film by thermal evaporation approach, and then they were immersed 
into 10-3 M 4-MBA solution at room temperature for two hours. After 
that, the samples were taken out to be flushed with ethanol and dried by 
N2 flow for SERS measurements. 

2.4. Characterization 

The scanning electron microscope (SEM) images were obtained from 
a Hitachi S-4800. The detailed morphology of structures was measured 
by an atomic force microscope (AFM) (Bruker, Billerica, MA, USA). The 
metal films were deposited by the thermal vapor deposition coating 
machine (ZHD-400, Beijing Technol Science CO., LTD). The Raman 
spectra were collected by a LabRAM HR Evolution Raman spectrometer 
(Horiba Jobin Yvon) with three excitation laser wavelengths (λ = 473 
nm, 532 nm and 785 nm). The reflection spectra were measured by an 
ARM spectrometer purchased from Shanghai Ideaoptics Company, 
which is integrated with a microscopic system. In the experiment, the 
normal incident light was focused by an objective lens (NA = 0.9) to 
generate a cone-shaped beam with an angle range of 120◦ as the light 
source, and the reflective spectra were collected from normal direction 
of sample surface. 

3. Results and discussion 

The LFE-LIPSSs were carried out with the processing steps shown in 
Fig. 1. At first, the crystalline-amorphous periodic structures were 
developed on a silicon surface under femtosecond laser irradiation, 
followed by the smoothing and deepening step with a 5% HF solution. 
Afterwards, the obtained LIPSSs undergo the aforementioned processes 
once again with the appropriate laser parameters. 

3.1. Fabrication of shallow LIPSSs by the SPP based amorphization on 
silicon surface 

As previously reported, the formation of LIPSSs with a low spatial 
frequency is extensively attributed to interference of the incident laser 
and the excitation of SPP [39–41]. In our cases, when the crystalline 
silicon was irradiated by the focal intensive femtosecond laser, its sur-
face is ready to exhibit metal-like properties to promote the SPP exci-
tation. The subsequent laser-SPP interference would likely result in the 
periodic energy fringes. For the surface local areas with the strong laser 
energy distribution, silicon material is primed to have a transition from 
the crystalline to the amorphous phase, whereas there is almost no 
change for the surface local areas with the low laser energy distribution 
[26,37]. As a result, the crystalline and amorphous phases were alter-
nately arranged on silicon surfaces with a spatial period of Λ = 765 nm. 
Figure S2A shows a SEM image of the achieved periodic structures, 
which exhibits the uniform grating profiles with orientation perpen-
dicular to the laser polarization direction. However, because of the laser 
ablation happening during this process, the surface roughness of the 
structures is seen evidently. Thus, the following procedure of smoothing 
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and deepening is carried out by chemical etching with HF solution to 
remove the amorphiziaton areas [42,43]. Because the etching rate of 
amorphous silicon in the HF solution is much higher than that of crys-
talline silicon, the regions of unmodified crystalline silicon can serve as a 
mask, and the amorphous regions are rapidly etched to result in the 
smoother and deeper grating structures, as shown in Figure S2B. 

During the first-step amorphous process, the structure formation, 
including the morphology and the arrangement, is seriously affected by 
the laser parameters. A detailed exploration of this behavior is shown in 
Figure S3. Because the excited SPP intensity increases with the higher 
energy fluence and spatial overlapping of the laser spot, the regular 
arrangement of the grating structures can be obtained under certain 
conditions, while either the excessive or the insufficient ablation of the 
material exist beyond the optimal conditions. The resultant nano-
structure formation vs. the laser parameters are summarized in Fig. 2, 

which can be divided into four parts. Namely, at the conditions (I region) 
of both the lower laser fluence and the higher scanning speed, the 
morphology of the silicon surface has no apparent change. With grad-
ually increasing the laser fluence and decreasing the scanning speed, the 
regular distribution of the crystalline-amorphous LIPSSs is produced (II 
region). It is extensively accepted that interference of the weak SPP 
excitation and the incident laser can make the Si surface melt and 
recrystallize rapidly, transforming crystalline silicon into an amorphous 
phase [34–36]. Thus, the spatial periodically arranged crystalline- 
amorphous silicon gratings are finally formed. Clearly, the regular 
LIPSSs will be destroyed by the strong material ablation when both the 
energy fluence and the number of pulses overlapping increase contin-
uously, resulting in the irregular LIPSSs decorated with 2D nanohole 
chains (III region). With further altering the laser parameters, the 
stronger SPP is excited and the irregular ablative structures would like to 

Fig. 1. Schematic illustration of the procedures for fabricating the deep LIPSSs. (A) Initial crystalline-amorphous LIPSSs were fabricated on the silicon wafer by the 
femtosecond laser irradiation. (B) Geometric profiles of LIPSSs after 5% HF etching. (C) The fabrication of LIPSSs by the localized light field enhancement. (D) 
Geometric profiles of LFE-LIPSSs after 5% HF etching. 

Fig. 2. Dynamic ranges for the structures formation on silicon surface with different femtosecond laser parameters. (I) None structure formation, (II) regular LIPSSs, 
(III) irregular LIPSSs decorated with nanohole chains, and (IV) strong ablative LIPSSs. 
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generate on the surface (IV region). Taking into account of the homog-
enous light field induced by the structures, the uniform structures 
formed under the conditions of F = 0.176 J cm− 2 and v = 1 mm s− 1 are 
selected for our further experiment. In addition, we also explored the 
effect of etching time on the surface morphology of the nanostructures, 
as shown in Figure S4 and S5. The detailed analysis is illustrated in the 
supporting information, which indicates that the optimal etching time of 
40 min can cause the depth of the pre-LIPSSs up to 50 nm. 

3.2. Fabrication of deep LIPSSs by the locally enhanced laser field 
amorphization process 

Although HF etching can optimize the quality and depth of LIPSSs, 
the degree of the surface morphology change is still restricted by some 
reasons such as the limited thickness of amorphous silicon, thus, limiting 
the optical characteristics of the nanostructures. Based on that, we put 
forward a secondary spatial-selective amorphization strategy to increase 
the depth of the nanograting structures without changing period 
through the local field enhancement of femtosecond laser irradiation 
caused by the pre-LIPSSs. Herein, the Si slice with the shallow pre-LIPSSs 
is further irradiated by the femtosecond laser with appropriate param-
eters followed by HF etching process for 40 min to optimize the struc-
tural accuracy. During the secondary laser irradiation, the adopted 
scanning direction and laser polarization are same as the first step. Fig. 3 
shows the corresponding SEM images of the structure formation under 
the four stages of processing, illustrating the structural changes in both 
the shape and the depth during each procedure. The modulation of LFE- 
LIPSSs approximates 155 nm in depth, about three times than that of the 
pre-LIPSSs, but structures still maintain both the spatial period of Λ =
765 nm and the high uniform distribution. 

To elucidate the formation mechanism of the deep LFE-LIPSSs, we 
employ the finite-difference time-domain (FDTD) method to simulate 
the electric field distribution of the incident femtosecond laser on the 
pre-fabricated LIPSSs, where a 3D model is used for simulating the E- 
field distribution of structure surface excited by λ = 800 nm light. The 
geometric design of the pre-LIPSSs, with a spatial period of Λ = 765 nm 
and a modulation depth of 50 nm, respectively, is consistent with the 
experiment observations. The simulation results (Fig. 4) display that the 
electric field intensities among the grooves (b) can be up to 2.25 times 
stronger than those on ridges (a), which is originated from the following 
facts: when the femtosecond laser irradiates the pre-LIPSSs on the silicon 
surface, the cavity modes of the grooves are excited to generate the 
strong local field enhancement at the antinode position [44]. As a result, 
the electric field on the surface is redistributed, and the more energy will 
be localized inside the grooves. Thus, with irradiation of appropriate 
laser parameters, the enhanced light field within the grooves can further 

cause the secondary amorphization within the grooves, while the lower 
electric field intensity on the structures is too weak to induce a phase 
change. As a result, after the amorphous Si is removed by HF etching, the 
modulation depth of the LIPSSs tends to increase significantly. 

As a matter of fact, the formation of the regular deep LFE-LIPSSs is 
critically sensitive to the femtosecond laser parameters, which is also 
explored in the experiment. Figure S6 and Fig. 5A-D display the SEM 
images and AFM micrographs for the achieved diverse nanograting 
structures at a constant scanning speed (v = 1 mm s− 1) and etching time 
(t = 40 min) while the laser fluence is varied from F = 0.099 to 0.205 J 
cm− 2, which reveals the formation of the regular deep LFE-LIPSSs at the 
suitable fluences. Furthermore, the structure depths fabricated under 
various laser parameters (Fig. 5E) were measured, and the correspond-
ing profiles are shown in Figure S7. 

The results indicate that as the incident laser fluence increases from 
F = 0.099 to 0.147 J cm− 2 (Figure S6G-L), the regular distribution of 
LIPSSs is gradually deepened but keeping almost the same period. When 
the energy fluence becomes as low as F = 0.099 J cm− 2, the laser in-
tensity is not strong enough to induce the amorphous phase transition, 
and the modulation depth of the LFE-LIPSSs shows hardly any change 
compared with the pre-LIPSSs (Fig. 5A). When the incident laser fluence 
increases, the electric field intensity inside the grooves will start to 
induce the locally selective amorphization. As shown in Figure S7K, the 
LFE-LIPSSs, bottleneck-like structures, appears to have a larger depth 
than the pre-LIPSSs. Furthermore, with increasing the laser fluence, an 
increased area of grooves will transform into the amorphous phase, and 
the structures gradually deepen (Figure S7G-J). When the laser fluence 
increases to F = 0.147 J cm− 2 (Fig. 5B and Figure S7G), the spatial 
distribution of the LFE-LIPSSs is still highly homogenous with a modu-
lation depth of 155 nm. However, as the energy fluence exceeds F =
0.147 J cm− 2, the excessive energy gradually ablates the pre-LIPSSs with 
the generation of the disordered destructive structures and a decreased 
depth. In addition, as illustrated in Figure S6, the dotted arrays appear at 
the grooves, which could be ascribed to the electric field redistribution 
by existing LIPSSs and the incubation effect [45]. When the energy 
fluence increases to F = 0.205 J cm− 2 (Fig. 5D), the depth of the ablated 
structures increases due to the destructive ablation by the excessive 
energy. 

From the statistical results in Fig. 5E, we can conclude that the 
modulation depth of the LFE-LIPSSs fabricated by F = 0.147 J cm− 2 

reaches a maximum of about 155 nm, about three times larger than that 
of the pre-LIPSSs. It is worth noting that the optimal laser fluence (F =
0.147 J cm− 2) is lower than that for fabricating the pre-LIPSSs (F =
0.176 J cm− 2), which conclusively demonstrates the pre-LIPSSs could 
assist the light field enhancement localized within grooves. As a result, 
the proposed local field enhancement-assisted secondary spatial- 

Fig. 3. SEM images of top-view (left) and cross-section view (right) of the LIPSSs fabricated by femtosecond laser irradiation and HF etching. In the first-step, the 
crystalline-amorphous LIPSSs were fabricated by femtosecond laser (A) and with HF etching (B). In the second-step, the LIPSSs were further processed by secondary 
amorphization (C) and chemical etching (D). The black scale bars are all 1 μm, and the white scale bars are all 0.5 μm. 
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selective amorphization strategy can fabricate deeper gratings and 
control the fabrication of gratings with different depths by varying the 
laser parameters and etching time. More importantly, the spatial period 
of the nanograting structures is constantly maintained during the 
deepening process. Various structures, including the bottleneck-like 
structures and the gratings with dotted arrays, can be fabricated for 
some special applications by tuning the femtosecond laser energy 

fluence. 
In the previous work, Jiang et al. fabricated LIPSSs by femtosecond 

laser processing with KOH etching on silicon, [26] during which the 
obtained nanograting depth is in fact approximately 150 nm, similar to 
that of our LEF-LIPSSs. Even though the laser fabrication processes are 
similar, our technique essentially possesses the much difference and 
exhibits its own advantages. In this work, HF acid was employed instead 

Fig. 4. (A) Simulated E-field intensity distribution for the LIPSSs in the x-z plane illuminated by 800 nm light. (B) The corresponding E-field intensity along the ripple 
and groove as marked in (A). 

Fig. 5. Morphology dependence of the LFE-LIPSSs on femtosecond laser fluences. AFM images in (A-D) are the LFE-LIPSSs fabricated by different laser fluences at the 
fixed scanning velocity v = 1 mm s− 1 with 40 min chemical etching. (E) Heights dependence of the LFE-LIPSSs on laser fluences. The scale bar is 1 μm. 
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of KOH to remove the laser-treated amorphous Si regions rather than the 
crystalline regions, thus leaving the appearance of the crystalline Si 
nanogratings without any residual impurity, which is in fact more 
beneficial for applications in Si devices. Meanwhile, during the etching 
process, the crystalline Si flat surface is almost entirely retained, and the 
LFE-LIPSSs are developed underneath the Si surface. In addition, the 
currently proposed two-step spatial-selective amorphization strategy is 
of importance for femtosecond laser manufacturing, which focuses on 
taking advantage of structures to modulate the light field distribution on 
the surface in the second step. 

3.3. Enhanced antireflection and polarization sensitivity of deep LFE- 
LIPSSs 

The optical properties of materials can be effectively optimized or 
improved by controlling the feature size and shape of the surface 
nanostructures. Herein, we compared the optical properties among the 
flat Si, the shallow pre-LIPSSs, and the deep LFE-LIPSSs by the reflection 
spectral measurement. As shown in Figure S8A, the deep LFE-LIPSSs can 
exhibit the obviously enhanced antireflection within a wavelength range 
from λ = 400 nm to 1000 nm at normal incidence. As previously re-
ported, the influence of the grating on the light reflection relies on the 
relationship between the incident light wavelength and grating period. 
In our case, the spatial period of the LIPSSs is Λ = 765 nm, being located 
within the measured wavelength range of λ = 400–1000 nm. Analysis of 
the antireflection spectrum of the grating structures identifies the 
following three points. First, for the period of Λ < λ, the subwavelength 
grating structures can contribute to achieve the gradual changes in the 
refractive index to result in the enhanced light trapping [46,47]. For the 
period of Λ > λ, in the alleged geometrical optics region, the absorptivity 
can be enhanced due to the light trapping effect of the LIPSSs [48]. 
When Λ≈ λ in the strong diffraction region, the reflection of the LIPSSs 
would be significantly decreased [49]. Thus, the weak reflective region 
(corresponding to λ = 650–800 nm) of our results in Figure S8A may be 
ascribed to the strong diffraction of the gratings. In addition, both the 
modulation depth and surface roughness of the grating structures play 
significant roles in affecting the antireflection. As demonstrated in 
Fig. 5E and Figure S8AB, the statistical intensity of the reflection at 
around λ ≈ 700 nm for different regular LIPSSs surfaces would like to 
decrease with increasing the depth. However, for the excessive laser 
fluence (F = 0.205 J cm− 2) irradiating on Si, the disordered rough sur-
face can trap more lights to result in the lowest reflectivity. As shown in 
Fig. 6A, comparing with the pre-LIPSSs, the deep regular LFE-LIPSSs 
(obtained at F = 0.147 J cm− 2) exhibit 45% increase in antireflection 
performance at around λ≈700 nm. 

Hence, the antireflection property of the Si surface nanostructures 
can be highly improved based on the two-step spatial-selective 
amorphization strategy, which is beneficial for the local field enhance-
ment and the enhanced optical analysis. Based on this idea, we explore 
the SERS performance of such deep LFE-LIPSSs with a deposition of 20 

nm thick Au film on the surface. Fig. 6B shows a comparison of the 
measured reflective spectra among three different silicon surfaces 
coated with Au films: the flat-Au, the shallow pre-LIPSSs-Au and the 
deep LFE-LIPSSs-Au. It is clearly that the deep LFE-LIPSSs-Au surface 
exhibits 47.8% and 43.5% increase in antireflection property at the 
wavelength around λ = 700 nm, compared with the flat-Au and the pre- 
LIPSSs-Au samples, respectively. 

Therefore, the SERS activity of the deep LFE-LIPSSs was evaluated 
under the excitation of λ = 785 nm laser with 4-MBA as the probe 
molecules. Fig. 6C shows the measured SERS spectra on the surfaces of 
deep LFE-LIPSSs-Au, shallow pre-LIPSSs-Au, and flat-Au samples. The 
SERS spectrum of 4-MBA is dominated by the strong bands at approxi-
mately 1075 and 1588 cm− 1, assigning to υ12 (a1) and υ8a (a1) aromatic 
ring characteristic vibrations. For the case of deep LFE-LIPSSs, the 
measured SERS spectra of 4-MBA molecules is not only much stronger 
than those on other two surface, but also appear more peaks at 1141 
(υ15, b2) and 1180 (υ9, a1) cm− 1 corresponding to C-H deformation 
modes, and at 1421 cm− 1 corresponding to COO–-stretching vibration 
[50,51]. This is because, compared with the shallow pre-LIPSSs and the 
flat Si surfaces, both the depth and surface roughness of the deep LFE- 
LIPSSs are increased, which are favorable for localizing more light en-
ergy on the surface to generate the stronger E-field [52]. 

As discussed above, the geometric features of the LFE-LIPSSs such as 
the depth, the morphology and the arrangement regularity can be 
affected by tuning the laser fluences, which further influence the light 
field distribution on the surface. Thus, we investigated the effects of the 
structure morphology on the SERS properties. As shown in Figure S8C, 
with increasing the femtosecond laser energy fluences, the SERS per-
formance of the structures shows the same varying trend as the height 
and antireflection characteristics. For the regular LFE-LIPSSs fabricated 
by the low laser fluence (from F = 0.099 to 0.147 J cm− 2), the SERS 
intensity increases with larger modulation height of the structures. 
When the laser fluence is higher than F = 0.147 J cm− 2, the detected 
Raman signals are significantly varied, which indicates an inhomoge-
neous distribution of the electromagnetic fields caused by the irregular 
LIPSSs. Eventhough the average SERS signal intensity is stronger, the 
poorly repeatable signal is inaccurate for practical analytical detection. 
As a result, by considering the enhanced capability and repeatability of 
SERS measurement, the LFE-LIPSSs fabricated under the laser fluence of 
F = 0.147 J cm− 2 become the optimal. Thus, the overall variation trend 
of the SERS activity is the same as the antireflection property of the 
substrates. 

The polarization response is another important characteristic of the 
grating structures. The corresponding reflective spectra under the light 
illumination with the polarization angles (θ) ranging from 0 to 180◦

relative to the grating direction are illustrated in Fig. 7A-C. The results 
indicate that the shallow pre-LIPSSs exhibit an obvious polarization 
dependent reflectivity response while the deep LFE-LIPSSs show an 
improved polarization dependent performance due to the enhanced 
light trapping behaviors. The reflectivity variation of the pre-LIPSSs is 

Fig. 6. The reflectivity and SERS intensity comparison of flat, pre-LIPSSs, and LFE-LIPSSs. (A) The reflectivity of Si flat, pre-LIPSSs, and LFE-LIPSSs. (B) The 
reflectivity and (C) SERS intensity of flat, pre-LIPSSs, and LFE-LIPSSs Si surface with 20 nm Au. 
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about 4.8% (from 32.2% to 27.4%) with different polarization angles at 
the wavelength of λ = 760 nm, as exhibited in Fig. 7B. Furthermore, in 
comparison with the shallow pre-LIPSSs, the reflectivity of the LFE 
LIPSSs is significantly reduced at λ = 705 nm (21.7%), when the light 
polarization is parallel with the LIPSSs orientation. As the polarization 
direction changes from parallel to perpendicular with the LIPSSs 
orientation, the reflectivity is reduced to 4.7%, and the antireflection 
peak gradually shifts to λ = 800 nm. After the deposition of 20 nm thick 
Au film on the structure surface, the polarization dependent response 
displays the same tendency as the above mentioned results, while there 
is a significant enhanced antireflection peak around the wavelength of λ 
= 773 nm for the pre-LIPSSs, and three antireflection peaks at the 
wavelength of λ = 714 nm, 777 nm, and 840 nm for the deep LFE-LIPSSs, 
which is caused by the surface plasmon resonance absorption of Au film. 
The variation of reflectivity for the shallow pre-LIPSSs is 26.6% at λ =
773 nm. However, for the deep LFE-LIPSSs, when the light polarization 
changes from parallel to perpendicular with the grating direction, the 
antireflection peak shifts from λ = 714 nm to 720 nm, and two new 
peaks appear at λ = 777 nm and 840 nm. The measured variations of 
reflectivity are 29.1% (from λ = 700 nm to 714 nm), 54.9% (λ = 777 
nm), and 55.1% (λ = 840 nm), respectively. The enhanced antireflective 
property of the deep LFE-LIPSSs shows a great potential for applications 
in near infrared detection. 

In addition, SERS properties of the surfaces excited by the polarized 
light at the wavelength of λ = 785 nm are further studied under various 
polarization angles of θ. The corresponding polarization dependent 

SERS performances for the flat, pre-LIPSSs and LFE-LIPSSs are shown in 
Figure S9. Fig. 7G-I display the change of SERS intensities for each 
substrate with varying θ angles at the 1588 cm− 1 band. The results 
indicate that the deep LFE-LIPSSs based substrate has a stronger polar-
ization dependent response than the shallow pre-LIPSSs, while the flat 
surface has no apparent change. While varying the polarization angles, 
the SERS intensity exhibits the weakest when the polarization direction 
is parallel to the LIPSSs (θ = 0◦). As the polarization angle increases, the 
SERS intensity gradually increases and becomes strongest at θ = 90◦, 
where the polarization is perpendicular to LIPSSs orientation. The 
experimental results from different polarization angles can be fitted to 
the related sin2 curve, consistent with the previous reports:[53]. 

EF ≈

⃒
⃒
⃒
⃒
Emax

E0

⃒
⃒
⃒
⃒

4

sin2(θ) (1) 

Furthermore, the anisotropy ratios for the shallow pre-LIPSSs and 
deep LFE-LIPSSs can be calculated by the following equation:[54]. 

σ =
Imax − Imin

Imax + Imin
(2) 

where Imax and Imin are the measured SERS intensities at the polari-
zation angle θ = 90◦ and 0◦, respectively. Therefore, the anisotropy 
ratios (σ) for the pre-LIPSSs and LFE-LIPSSs approximate 0.11 and 0.43, 
respectively, which indicates a more sensitive polarization-dependence 
of the deep LFE-LIPSSs. These results are consistent with the reflectivity 
for the two structures with the deposition of 20 nm Au film. According to 

Fig. 7. Comparison of the polarization property in reflectivity (A-C) of flat, pre-LIPSSs and LFE-LIPSSs. The comparison of polarization in reflectivity (D-F) and SERS 
performance (G-I) of flat, pre-LIPSSs and LFE-LIPSSs surface with 20 nm Au. The insert schematic shows the polarization angle θ. 
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Equation (1), the polarization-dependence enhanced factor is propor-
tional to the enhanced electric field and sin2θ. When the θ is given, the 
SERS intensity of LIPSSs depends on the electric field, so the SERS in-
tensity of the deep LFE-LIPSSs will be larger due to the stronger localized 
surface plasmon resonance (LSPR) effect. As the polarization angle 
varies from θ = 0◦ to 90◦, the SERS intensities of LFE-LIPSSs increase 
significantly greater than that of pre-LIPSSs. As a result, according to 
Equation (2), the deep LFE-LIPSSs will have a larger anisotropy ratio, 
and exhibit the superior SERS polarization dependence performance. 

To further evaluate the effect of the structure on the polarization 
response property with different excitation wavelengths, we deposited 
20 nm thick Ag film instead of Au film on the deep LFE-LIPSSs due to the 
long-range SERS performance of the former material. Taking into ac-
count the common laser wavelengths in Raman detection, three wave-
lengths, λ = 473 nm, 532 nm and 785 nm, are selected for SERS testing 
based on the deep LFE-LIPSSs with 20 nm thick Ag coating. Using 4-MBA 
as probe molecules, the measured SERS spectra are shown in Figure S10, 
and the statistical results measured by three lights are displayed in 
Fig. 8A-C. And their calculated anisotropy ratios (σ) are 0.33 (λ = 473 
nm), 0.12 (λ = 532 nm), and 0.73 (λ = 785 nm), respectively. The results 
indicate that the deep LFE-LIPSSs-Ag sample exhibits the strongest SERS 
polarization dependence effect under λ = 785 nm light excitation, while 
that under λ = 532 nm light excitation is the weakest. As previously 
reported, the LSPR property of the surface nanostructures is directly 

related to the surface adsorption properties, which can be expressed by 
the reflection property [55]. Thus, to better explore the polarization 
SERS performance under different light excitations, the reflection 
spectra of the deep LFE-LIPSSs-Ag surface were further examined. 
Fig. 8D shows the reflection spectra for the deep LFE-LIPSSs-Ag sample 
under different incident light polarizations, while Fig. 8E exhibits the 
spectra intensity distributions. The polarization angle dependent spectra 
intensities at the excitation wavelengths of λ = 473 nm, 532 nm, and 
785 nm are plotted in Fig. 8F, which indicates the LFE-LIPSSs exhibit a 
strongest polarization dependence effect under λ = 785 nm irradiation 
and the weakest one at λ = 532 nm. It means that the light field local-
ization ability of the deep LFE-LIPSSs-Ag sample to different light 
wavelengths is as follows: 785 nm > 473 nm > 532 nm, which is 
consistent with the tendency of the polarization dependence effect in the 
SERS measurement under different excitation lasers. In addition, the 
FDTD simulation of E-field for the three excitation lights with different 
polarization directions are exhibited in Fig. 8G-I, and the simulated E- 
field polarization dependence tendencies are similar to practical SERS 
experimental results. It is found from the simulation results when the 
incident light polarization is parallel to the grating direction, the in-
tensity of E-field is similar for various light wavelengths. As the incident 
light polarization is perpendicular to the grating direction, the intensity 
of E-field becomes significantly varied for different light wavelengths, 
and the deep LFE-LIPSSs can exhibit the strong SERS polarization 

Fig. 8. (A-C) The experimental SERS polarization dependence results of LFE-LIPSSs with 20 nm Ag at 1588 cm− 1 band excited by the different laser wavelengths, λ =
473 nm, 532 nm, and 785 nm, respectively. The red lines are fitted curves of the sin2 function. The reflection spectra (D) and intensity (E) for LFE-LIPSSs under 
different polarization incident light (λ = 400–1000 nm). The scale bar on the right represents the intensity of reflectivity. Furthermore, the reflectivity of λ = 473 nm, 
532 nm, and 785 nm under different polarization angles are displayed in (F). Spatial E-field distribution of LFE-LIPSSs with 20 nm Ag in the x-z plane with various 
polarization angles under (G) λ = 473 nm, (H) λ = 532 nm, (I) λ = 785 nm, respectively. 

X. Li et al.                                                                                                                                                                                                                                        



Applied Surface Science 589 (2022) 152965

9

dependence under the excitation wavelength of λ = 785 nm. 

4. Conclusions 

In summary, a large area uniform deep LIPSSs are successfully 
fabricated by the proposed two-step spatial-selective amorphization 
approach, which can effectively enhance the antireflection and polari-
zation properties of the Si surface. Our novel method of processing LFE- 
LIPSSs successfully fabricates deeper and regular LIPSSs, which provides 
a new insight for femtosecond laser-based nanofabrication. In the first 
amorphous step, the uniform crystalline-amorphous gratings are created 
on surface due to the interaction of weak SPP and incident laser, and the 
shallow pre-LIPSSs (50 nm) are obtained by the following HF etching 
with a period of 765 nm. During the second-step process, the intensity 
distribution of incident energy is modulated by pre-LIPSSs, with local 
field enhancement in the grooves for further spatial-selective amorph-
ization. After chemical etching over again, the acquired regular LFE- 
LIPSSs (155 nm) depth is three times than that of the pre-LIPSSs, with 
an invariable period. Compared with the pre-LIPSSs, the Si nanograting 
structures fabricated based on the LFE-LIPSSs strategy exhibit 45% in-
crease in antireflection performance at around 700 nm. The corre-
sponding SERS anisotropy ratio (σ) of LFE-LIPSSs (0.43) is improved by 
about four times compared to that of the pre-LIPSSs (0.11). The LFE- 
LIPSSs strategy can not only be applied to enhance the antireflection 
and SERS polarization dependence performance of nanostructures, but 
also benefit for designing photoelectric detectors, nanofluidics and op-
tical communication devices. In addition, the proposed method provides 
a new approach for femtosecond laser fabrication that can likely be 
applied to other materials. 
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V. López-Flores, A. Borras, A.R. González-Elipe, J. Solis, Anisotropic Resistivity 
Surfaces Produced in ITO Films by Laser-Induced Nanoscale Self-organization, 
Adv. Opt. Mater. 9 (2020) 2001086. 

[22] X. Zheng, C. Cong, Y. Lei, J. Yang, C. Guo, Formation of Slantwise Surface Ripples 
by Femtosecond Laser Irradiation, Nanomaterials (Basel) 8 (2018) 458. 

[23] S.A. Jalil, J. Yang, M. ElKabbash, S.C. Singh, C. Guo, Maskless formation of uniform 
subwavelength periodic surface structures by double temporally-delayed 
femtosecond laser beams, Appl. Surf. Sci. 471 (2019) 516–520. 

[24] L. Wang, Q.D. Chen, X.W. Cao, R. Buividas, X. Wang, S. Juodkazis, H.B. Sun, 
Plasmonic nano-printing: large-area nanoscale energy deposition for efficient 
surface texturing, Light: Sci. Appl. 6(2017) e17112. 

[25] X. Li, G. Yuan, W. Yu, J. Xing, Y. Zou, C. Zhao, W. Kong, Z. Yu, C. Guo, A self-driven 
microfluidic surface-enhanced Raman scattering device for Hg2+ detection 
fabricated by femtosecond laser, Lab Chip 20 (2020) 414–423. 

[26] J. Huang, L. Jiang, X. Li, A. Wang, Z. Wang, Q. Wang, J. Hu, L. Qu, T. Cui, Y. Lu, 
Fabrication of highly homogeneous and controllable nanogratings on silicon via 
chemical etching-assisted femtosecond laser modification, Nanophotonics-Berlin 8 
(2019) 869–878. 

[27] S. Xu, C. Yao, H. Dou, W. Liao, X. Li, R. Ding, L. Zhang, H. Liu, X. Yuan, X. Zu, An 
investigation on 800 nm femtosecond laser ablation of K9 glass in air and vacuum, 
Appl. Surf. Sci. 406 (2017) 91–98. 

[28] S. Xu, K. Sun, C. Yao, H. Liu, X. Miao, Y. Jiang, H. Wang, X. Jiang, X. Yuan, X. Zu, 
Periodic surface structures on dielectrics upon femtosecond laser pulses 
irradiation, Opt. Express 27 (6) (2019) 8983, https://doi.org/10.1364/ 
OE.27.008983. 
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