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Abstract: Femtosecond laser direct writing is widely 

exploited in surface periodic structures processing. How-

ever, this technique still faces challenges in obtaining 

high surface homogeneity and flexible morphology con-

trollability. In this study, a flexible and efficient approach 

has been proposed to fabricate highly homogeneous 

and controllable nanogratings on silicon via chemical 

etching-assisted femtosecond laser modification. By pre-

cisely manipulating the laser-material interaction pro-

cess, alternating amorphous-crystalline nanofringes are 

generated when employing femtosecond laser scanning 

over a Si sample, with almost no material removal. Fol-

lowing auxiliary chemical etching, highly homogeneous 

nanograting structures are obtained, and the morphol-

ogy of the nanogratings can be flexibly managed through 

precisely controlling the duration of the etching process. 

Complex cross-scale patterns with remarkable structural 

colors that are visible under indoor light illumination are 

readily achieved on the sample surfaces exploiting our 

method. In addition, compared with traditional methods 

for laser-induced periodic surface structures, the fabrica-

tion efficiency is considerably improved. Our processing 

procedure offers potential applications in the fields of 

optics, nanoelectronics, and mechatronics.

Keywords: femtosecond laser; chemical etching; nanograt-

ing structures; highly homogeneous; highly controllable.

1   Introduction

Photolithography provides a common method for process-

ing grating structures [1]. However, the use of photoresist 

makes the process complicated. Besides, it requires expen-

sive and custom apparatus to produce the master images. 

Focused ion beam milling or electron beam lithography 

could also be utilized to fabricate nanogratings [2–4]. 

Nevertheless, these nanofabrication techniques often call 

for complex setups and equipment, and it takes a rela-

tively long time to finish the process [5]. Laser-induced 

periodic surface structure (LIPSS), first discovered on a 

semiconductor surface by Birnbaum in 1965 [6], provides 

a powerful contactless technique for the preparation of 

nanogratings on samples surface. For decades, plenty 

of works have been reported to explain the formation 

mechanism of LIPSS, and a widely accepted definition 

is the interference between the incident laser beam and 

surface plasmon polaritons (SPP), which induces local 

ablation of the material and ultimately forms LIPSS [7–10]. 

The effects of the laser parameters on the morphology of 

LIPSS have also been widely studied. Jiang et al. reported 

the abnormal enhancement ablation characteristics with 

polarization-dependent sensitivity [11]. Bonse and Krüger 

experimentally and theoretically studied the effect of 

pulse number on the formation of LIPSS [12]. Moreover, 

LIPSS has found broad promising applications, such 

as colorization [13, 14], waveguides [15], solar cells [16], 

water-repellent surfaces [17, 18], biological devices [19], 

and surface-enhanced Raman scattering [20].
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However, LIPSS always suffers from high surface 

nonhomogeneity, which is unfavorable for the applica-

tions in the field of optics, etc. [21]. In traditional LIPSS 

technology, high laser power is necessary to generate 

the structures through material ablation which often co-

occurs with the formation of a lot of debris and surface 

defects, resulting in a significant nonhomogeneity of the 

consequent structures. In contrast, femtosecond laser 

irradiation below ablation threshold is capable of induc-

ing crystalline-Si surface to melt and rapidly solidify into 

the amorphous phase [22–24]. In addition, by means of 

precisely adjusting the femtosecond laser parameters, 

laser fluence and effective pulse number, alternating 

amorphous-crystalline nanofringes can be created on Si 

sample surface via femtosecond laser-induced self-assem-

bly processes. Unlike conventional LIPSS, the formation 

of amorphous-crystalline nanofringes is mainly accom-

panied by phase changing of crystalline Si, with almost 

no material removal [25]. Thus, the regularity of the Si 

nanofringes fabricated by femtosecond laser modification 

is higher. Notably, femtosecond laser-induced amorphiza-

tion of monocrystalline silicon is deemed to change the 

average dangling bond density of the silicon atoms, which 

is a critical factor in determining the etching rate of silicon 

during subsequent chemical etching [26].

Nowadays, the selective removal of transparent mate-

rials or semiconductors by wet chemical etching has been 

extensively examined, and a wide range of applications is 

put forward in various fields, such as optics [27], solar cells 

[28], nanoenergy [29, 30], etc. The combination of laser 

direct writing and chemical etching has been reported to 

better control micro/nano structures [31–34]. In this paper, 

a flexible and efficient approach has been proposed to fab-

ricate nanogratings on silicon with high homogeneity and 

controllability via chemical etching-assisted femtosecond 

laser modification. This method involves the construction 

of amorphous-crystalline nanofringes where crystalline 

silicon is transformed to amorphous silicon by precisely 

managing the femtosecond laser-material interaction 

process in the first step. Compared with the conventional 

methods, the fabrication efficiency can be enhanced by 

approximately 2–3 times, as the laser fluence and effective 

pulse number required for the formation of the modified 

nanofringes are much lower than those for the traditional 

LIPSS. Afterwards, highly homogeneous nanograting 

structures are obtained by taking advantage of the chemi-

cal etching routine. And the height of the nanogratings 

can be flexibly controlled through accurately restricting 

the duration of the etching procedure. Cross-scale struc-

tural color patterning was realized on silicon wafer surface 

and achieved much better surface coloring than traditional 

LIPSS technology. That is, highly homogeneous and con-

trollable nanograting structures can be flexibly produced 

on silicon due to the regular arrangement of laser-induced 

amorphous-crystalline nanofringes and the exact adjust-

ment of subsequent chemical etching operation, which 

would serve as a complementary method to conventional 

lithography methods.

2   Experimental section

2.1   Fabrication of nanograting structures

The schematic of the experimental arrangement is dem-

onstrated in Figure 1A. The femtosecond laser directly 

irradiated the sample surface focused by an achromatic 
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Figure 1: Schematic diagram of the experimental process. 

(A) Schematic of the setup for femtosecond laser fabrication. (B) Flow chart of the chemical wet-etching assisted femtosecond laser 

modification approach.



J. Huang et al.: Fabrication of nanograting structures on Si surface by femtosecond laser      871

doublet lens with a focal length of 100 mm. A Ti: sapphire 

regenerative oscillator-amplifier system (Spectra-Physics) 

was selected as the laser source, which provided a fun-

damental Gaussian laser beam with a central wavelength 

of 800 nm, pulse duration of 50 fs, and repetition rate of 

1000 Hz. The laser fluence used in our experiments can 

be adjusted by controlling the half-wave plate and polar-

izer. Moreover, by manipulating the opening time of the 

mechanical shutter and the laser repetition rate, the 

number of pulses absorbed by the sample surface was 

tuned. Standard polished <100> Si wafers (10 × 10 × 1 mm) 

were pretreated with the HF solution to eliminate the 

surface oxide, followed by a 10-min ultrasonic cleaning. 

The processing parameters adopted in our experiments 

(except Figure S1) were as follows: laser fluence F = 167 mJ 

cm−2, laser repetition rate f = 1000 Hz, and scanning speed 

v
scan

 = 2000 µm s−1. In the subsequent chemical etching 

procedure, the alkaline etchant was prepared by mixing 

20 mass% KOH and isopropyl alcohol in a volume ratio of 

4:1, and the ambient temperature was preserved at con-

stant 55°C. All experiments were conducted in air.

2.2   Sample characterization

The morphology of the fabricated structures was examined 

with a scanning electron microscope (SEM, XL30S-FEG, 

FEI, Inc., Hillsboro, OR, USA). An atomic force micro-

scope (AFM, Dimension Edge PSS, Bruker, Inc., Karlsruhe, 

Germany) was utilized to characterize detailed topogra-

phies of the nanogratings. The material crystallographic 

orientation properties in the laser irradiation area were 

measured by Micro-Raman spectroscopy (inVia reflex, 

Renishaw, Gloucestershire, London, UK) employing a 

532 nm laser and transmission electron microscope (TEM, 

JEM 2100F, JEOL Ltd., Akishima, Tokyo, JAPAN). Structural 

colors ranging from red to purple were captured by an ordi-

nary camera (Canon, EOS 6D, Tokyo, Japan) with varying 

viewing angles, which was performed under indoor light.

3   Results and discussions

Figure 1B illustrates the schematic diagram of a flow chart 

of chemical wet-etching-assisted femtosecond laser modi-

fication approach. Firstly, a linearly polarized femtosec-

ond laser beam with a central wavelength of 800 nm was 

scanned over the surface of the sample focused by an 

achromatic doublet lens with a focal length of 100  mm. 

As shown in Figure 1B <i>, via femtosecond laser modi-

fication, the amorphous-crystalline nanofringes were 

patterned on the silicon surface. Subsequently, the 

 modified-Si wafer was etched in KOH solution for fabri-

cating the designed structures, considering that KOH has 

a significantly different etching rate towards amorphous 

and crystalline silicon. As shown in Figure 1B <ii–iv>, the 

laser-induced amorphous-Si nanofringes (acting as subtle 

mask) gradually protruded from the surface to generate 

the highly homogeneous and controllable nanogratings. 

The details of the preparation of alkaline etchant and the 

ambient temperature are shown in Section 2. All experi-

ments were conducted in air.

3.1   Processing and analysis of amorphous-

silicon nanofringes

Ultrafast laser-induced melting and resolidification have 

been extensively studied to clarify the phase changes on 

silicon, that is, the amorphization of crystalline silicon and 

recrystallization of amorphous silicon [35–39]. In this study, 

we attempt to prepare amorphous silicon LIPSS (called 

amorphous-Si nanofringes in this paper) on crystalline 

silicon surface based on the SPPs surface wave excitation. 

As shown in Figure S1, bright nanofringes can be observed 

after statically irradiated by femtosecond laser pulses, 

using pulse number N = 5, and laser fluence F = 167 mJ cm−2. 

The direction of the laser-induced  amorphous-Si nano-

fringes is perpendicular to the polarization of incident 

laser and the average period of the nanofringes is approxi-

mately 790 ± 30 nm, which correspond to the conventional 

low spatial frequency LIPSS. It is commonly known that 

polarized pulsed laser can induce sub-wavelength peri-

odic surface structures on the material surface. However, 

the interaction between the laser and the material in the 

generation of LIPSS is a highly complex process. Thus, the 

formation mechanism still remains controversial. Even so, 

it is now widely accepted that the interference of the inci-

dent laser field with the excitation and propagation of SPPs 

plays a key role in the formation of LIPSS [12]. Theoretically, 

although SPP is generally merely coupled and propagated 

on metal surfaces, it can also occur in semiconductors and 

dielectrics in view of the fact that semiconductors or dielec-

trics will be transiently turned into a metal-like state upon 

the femtosecond laser irradiation [40].

The modified nanofringes on Si wafer can be 

extended to two-dimensional by converting laser static 

radiation into dynamic scanning, while the laser fre-

quency and scanning speed should be carefully con-

trolled  [41]. Figure  2A illustrates the SEM micrograph 

of the 2D amorphous-Si nanofringes produced by fem-

tosecond laser scanning through the sample with laser 
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frequency f = 1000  Hz and scanning speed v
scan

 = 2000 

µm s−1 (the effective pulse number is calculated to 

be N
eff

 = 3.8, as demonstrated in Figure S2), using the 

same laser fluence as Figure S1 (F = 167  mJ cm−2). As 

presented in Figure 2A, the 2D alternating amorphous-

crystalline nanofringes are regularly arranged on the Si 

wafer surface, and the black lines represent the amor-

phous-Si nanofringes. The period of the modified nano-

fringes is close to the wavelength of the incident laser 

(Λ = 790 ± 30 nm) [42]. The optical microscopy image of 

the sample is given in the upper right inset. Bright areas 

featuring increased reflectivity stand for laser exposed 

region, and the relatively dark areas featuring different 

reflectivity stay unexposed.

We have measured the material crystallographic orien-

tation characteristics of both the laser irradiated area and 

non-irradiated area through micro-Raman spectroscopy. 

Micro-Raman spectroscopy is a suitable tool for detect-

ing the phase changing of silicon due to its high sensitiv-

ity to the crystallographic orientation of materials  [12]. 

The red circle, blue triangle, and green square marked in 

Figure  2A represent the position of amorphous-Si nano-

fringe, crystalline-Si nanofringe, and non-irradiation 

zones, respectively. The resulting spectra of the corre-

sponding detected positions in Figure 2A are illustrated 

in Figure 2B. As can be found in Figure 2B, the Raman 

spectrum of the non-irradiated area (green line) only pre-

sents the strong peak centered at 520.5 cm−1 which is the 

characteristic peak of monocrystalline silicon. In contrast, 

the obtained spectrum of the laser-induced nanofringe 

(red line in Figure  2B) possesses a broad band centered 

at 473 cm−1, which symbolizes the existence of amorphous 

silicon. Since the detecting depth of the micro-Raman 

spectroscopy is much larger than the thickness of the 

modified region, the Raman signal of the monocrystal-

line silicon substrate can be efficiently collected. Hence, 

the Raman spectrum of the amorphous-Si nanofringes 

exhibits a strong peak at 520.5 cm−1 as well. We have also 

taken the region between two amorphous-Si nanofringes 

(the position marked by the blue triangle in Figure 2A) into 

consideration. The consequent spectrum only shows the 

characteristic peak of monocrystalline silicon.

A TEM test has also been performed to investigate 

the changing in the material property of the laser irra-

diated region. Figure 2C and D show the cross-sectional 

TEM images of the laser-modified area before chemical 

400
102

103

104

105

In
te

n
s
it
y
 (

a
.u

.)

106

A
B

C D

450 500 550 600
Wavenumber (cm–1)

650 700

Crystalline Si

Crystalline nanofringe

Amorphous nanofringe

Figure 2: Processing and analysis of amorphous-silicon nanofringes.

(A) SEM micrograph of the modified nanofringes on Si wafer produced by femtosecond laser scanning through the sample with a constant 

velocity v
scan

 = 2000 µm s−1, using laser fluence F = 167 mJ cm−2. (B) Raman spectra corresponding to the marked positions in (A). The red 

circle, blue triangle, and green square marked in (A) represent the position of amorphous-Si nanofringe, crystalline-Si nanofringe, and non-

irradiation zones, respectively. The colors of the Raman spectra in (B) correspond to the marks in (A). (C) TEM image of the laser-modified 

region marked by a yellow circle in (A). (D) A partial enlarged view of (C).
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etching. The test sample was obtained from the position 

marked by the yellow circle in Figure 2A. As demonstrated 

in Figure  2C, an obvious boundary between the laser- 

modified shallow layer and the monocrystalline silicon 

substrate can be observed. Moreover, the high-resolution 

TEM image in Figure 2D clearly illustrates the changing 

in the crystallographic orientation of the monocrystal-

line silicon after laser irradiation. Atoms are in disordered 

arrangement in the laser-modified layer (the lower left 

part of Figure 2D), which is the characteristic feature of 

amorphous silicon, while the laser-unexposed substrate 

portion remains highly ordered (the upper right part of 

Figure 2D), implying the intrinsic nature of monocrys-

talline silicon. As expected, the laser-induced structure 

shown in Figure 2A is indeed the alternating amorphous-

crystalline silicon nanofringes. The layer of the laser-

induced amorphous Si is about 45.4 nm thick in this paper 

(as illustrated in Figure 2C), which corresponds well to the 

fabricated results by Izawa et al. [43].

3.2   Fabrication of nanogratings with high 

homogeneity and controllability

Nonhomogeneity has always been one of the main factors 

that hinder the widespread use of LIPSS. In the process-

ing of traditional LIPSS, a relatively high laser fluence is 

utilized to bring forth local ablation of the material aiming 

at forming the grating structures. Laser-induced mate-

rial ablation is always accompanied by the production 

of plenty of debris and surface defects, which will criti-

cally affect the propagation of SPPs and the subsequent 

distribution of light fields, leading to the nonhomogene-

ity of the fabricated structures. As shown in Figure 3A, 

rough pits in silicon are observed near the edge, and a 

majority of debris and recast layers are attached to the 

grating structures fabricated in a conventional pathway. 

On the contrary, the nanogratings fabricated in our 

experiment are highly homogeneous, which is generated 

in the following two steps: (i) amorphous-crystalline Si 

nanofringes are generated by focused femtosecond laser 

scanning through the silicon wafer surface, adopting con-

stant scanning speed v
scan

 = 2000 µm s−1 and laser fluence 

F = 167 mJ cm−2 that are the same as in Figure 2A; (ii) the 

laser-modified sample is then placed in a KOH solution for 

chemical etching during which the laser-induced amor-

phous-Si acts as a subtle mask to prepare the designed 

structures, because the etching rate of the amorphous-Si 

in KOH solution is much slower than that of the crystalline 

Si. As shown in Figure 3B, the nanogratings fabricated by 

our technology possess high uniformity, and each grating 

distributes independently with no visible bifurcations (in 

Figure 3B, the etching time was 60 s). In addition, energy-

dispersive X-ray analyses are performed in the laser 

exposed area and the laser unexposed area. As illustrated 

in Figure S3, there are no traces of oxygen in both regions, 

thereby eliminating the effect of the  presence of surface 

oxygen on the etched topography. Hence, the regular 

arrangement of the laser-induced amorphous-Si nano-

fringes and the further chemical treatment would con-

tribute to the great homogeneity. There are many factors 

affecting the etching rate of silicon in the alkaline solution 

(KOH), such as ambient temperature, solution concentra-

tion, etc., while the etching rate is also critically related 

to the dangling bond density and energy level of silicon 

[44, 45]. Under the same condition of constant concentra-

tion of alkaline solution and ambient temperature, the 

etching rate of (100) crystalline Si is nearly 30 times higher 

than that of amorphous Si, which is mainly attributed to 

the higher average dangling bond density and back bond 

energy level of the silicon atoms on crystalline Si [45–48]. 

During the chemical etching, the (100) crystalline Si 

exposed to etching solution is quickly removed, while the 

laser-induced amorphous-Si nanofringes gradually pro-

trude to form the nanogratings.

Figure 3: Homogeneity comparison of the fabricated structures.

(A) SEM micrograph of the conventional LIPSSs fabricated by using 

laser scanning speed v
scan

 = 1000 µm s−1 and laser fluence  

F = 450 mJ cm−2. (B) SEM micrograph of nanograting structures 

fabricated by chemical etching assisted femtosecond laser 

modification, using scanning speed v
scan

 = 2000 µm s−1, laser fluence 

F = 167 mJ cm−2, and etching time T
et

 = 60 s. (C) and (D) AFM images 

show the details of the surface morphology of (A) and (B).
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To completely characterize the morphology of the 

traditional LIPSS and the nanograting structures fabri-

cated by chemical etching-assisted femtosecond laser 

modification, we performed AFM analysis on both struc-

tures. The measured results are demonstrated in Figure 3C 

 (traditional LIPSS) and Figure 3D (nanograting  structures), 

respectively. Obviously, the nanograting structures fabri-

cated by our technology (Figure 3D) are regularly distrib-

uted, closely aligned, and highly homogeneous compared 

with traditional LIPSS (Figure 3C).

However, the formation of regularly arranged 

nanogratings is critically sensitive to laser parameters. 

As demonstrated in Figure 4B, a weakly ablated area 

appears at the center of the nanofringes, while the effec-

tive pulses number is slightly increased from N
eff

 = 3.8 

(Figure 4A, using v
scan

 = 2000 µm s−1) to N
eff

 = 5.1 (Figure 4B, 

using v
scan

 = 1500 µm s−1). Besides, when the effective 

pulses number is reduced to N
eff

 = 1.9 (Figure 4C, using 

v
scan

 = 4000 µm s−1), only several separate modified points 

are obtained. The laser fluence adopted in the above 

three cases is constant (F = 167 mJ cm−2). In addition to the 

effective pulses number, laser fluence also has dramatic 

influence on the amorphous nanofringes formation. In 

Figure 4D, as the laser fluence is set to 210 mJ cm−2 (slightly 

higher than in Figure 4A) and the scanning speed is fixed 

at 2000 µm s−1, a micro-scale modified line is generated in 

the laser-irradiated region rather than mutually independ-

ent nanofringes. The corresponding etched structures 

are illustrated in the SEM micrographs in Figure 4A–D. 

It’s clearly observed that only ordered laser-modified 

nanofringes, prepared at certain laser parameters, can 

be transformed into highly uniform nanograting struc-

tures during the subsequent chemical etching process. 

Notably, as demonstrated in Figure S4, large-area continu-

ous nanogratings are successfully fabricated by precisely 

selecting the laser scanning interval (7 µm in our experi-

ments) when applying our technology.

Morphology controllability is a crucial characteris-

tic of nanofabrication technique. Thus, in the following 

section, we are about to demonstrate the controllability of 

the nanogratings fabricated by chemical etching-assisted 

femtosecond laser modification approach. Namely, varying 

the chemical etching time enables flexible tuning of the 

height of the nanograting structures. Figure 5A–D show the 

SEM micrographs (left) and 3D AFM images (right) of dif-

ferent acquired nanograting structures while laser fluence 

and scanning rate remained constant (F = 167 mJ cm−2 and 

v
scan

 = 2000 µm s−1), but various etching time of 60 s, 90 s, 

120 s, and 180 s were set, respectively. It is worthy to note 

that the heights of the structures increase by degrees 

from Figure  5A–D and are significantly higher than the 

laser-induced amorphous-Si nanofringes (Figure  2A). We 

measured the average heights and averages widths of the 

nanogratings demonstrated in Figure 5A–D. The statistical 

data in Figure 5E lead us to the conclusion that the average 

height of the nanogratings varies almost linearly over the 

etching time (the average heights in Figure  5A–D are as 

follows: 92 ± 5 nm, 130 ± 5 nm, 191 ± 5 nm, and 256 ± 5 nm). 

The inserts are the corresponding cross-section images of 

these four kinds of nanogratings, which clearly illustrate 

the height and shape of the gratings. That is to say that the 

height of the gratings can be precisely controlled by impos-

ing limitations on the duration of the etching process. The 

length of the nanograting structure depends on the length 

of the laser-induced amorphous-Si nanofringe. Similar to 

the elapse of etching time, the average width of the grating 

structures undergoes a slight decrease. As shown in the right 

column of Figure 5E, the mean width values are 7.2 ± 0.5 µm, 

7.1 ± 0.5 µm, 7.0 ± 0.5 µm, and 6.7 ± 0.5 µm, respectively).

3.3   Structural color display

Periodic surface structures which possess the quality 

of behaving as diffractive grating to generate structural 

color present a promising application prospect in the 

field of sample-based surface coloring. Similar to butterfly 

wings, when light irradiates the large-area nanograting 

Figure 4: Morphology dependence of nanogratings on femtosecond 

laser parameters. 

The optical images in (A–D) are the laser-induced regions based on 

different laser parameters. The SEM micrographs in (A–D) are the 

corresponding etched results with etching duration of 90 s in KOH 

solution. The scales used in (A–D) are 3 µm.
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(A–D) SEM micrographs (left) and AFM images (right) of the nanogratings by different etching processes (etching for 60 s, 90 s, 120 s,  

and 180 s, respectively). (E) Topography dependence of silicon nanograting structures on etching time. The inserts are the corresponding 

cross-section images.
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C

Figure 6: “BIT”-shaped large-area nanograting structures fabricated by chemical etching-assisted femtosecond laser modification, using 

F = 167 mJ cm−2, v
scan

 = 2000 µm s−1, and T
et

 = 90 s, respectively.

(A) SEM micrographs of the fabricated structure. (A <ii>) and (A <iii>) are the magnified depictions of (A <i>). The scales in (A) are 1 mm, 200 

µm, and 5 µm, respectively. (B) The structural colors of the Si surface with 2D nanograting structures. Gradual changing of the viewing angle 

leads to the appearance of color red to purple shade due to the chromatic dispersion. (C) The structural colors of the Si surface adopting 

three different processing methods. A detailed comparison of the structural colors is shown in Videos S1–S3.



876      J. Huang et al.: Fabrication of nanograting structures on Si surface by femtosecond laser

structures, structural color can be clearly observed [49]. 

According to Figure 6B, diverse colors throughout the 

visible spectrum are obtained via varying the incident 

light angle and viewing angle. This appearance is sum-

marized as the diffraction grating equation shown in 

 Equation (1):

 
(sin sin ),

D I
λ θ θ= −m d  (1)

where m is the diffraction order, d is the period of the 

nanogratings (in this paper, d = 790nm), and θ
I
 and θ

D
 rep-

resent the incident light angle and the diffraction angle, 

respectively [50]. Figure 6A shows the large “BIT”-shaped 

nanograting structures fabricated by the aforementioned 

method wherein chemical etching was employed for 90 s. 

Enlarged views of Figure 6A <i> are given in Figure 6A <ii>  

and <iii>. Figure 6B demonstrates the iridescence of 

Figure 6A captured by the camera when illuminating the 

structures with a beam of sunlight source. Keeping the 

angle of incident light unaltered, the light of different 

wavelengths is diffracted from corresponding diffraction 

angles. It is apparent from Figure 6B <i–vi> that while the 

viewing angle is gradually changed, various colors from 

red to purple are spotted.

Besides, the comparison of the structural colors of the 

surface structures generated by three different processing 

methods is performed in Figure 6C. Figure 6C <i> illustrates 

the fabrication of femtosecond laser-modified amorphous-

crystalline structures without the subsequent etching 

process. The nanograting structures of Figure  6C <ii> 

were produced by conventional LIPSS method. Figure 

6C <iii> pictures the nanograting structures fabricated by 

the approach mentioned above, noting that the chemi-

cal etching lasted for 90  s. The nanograting structures 

created by chemical etching-assisted femto second laser 

modification exhibit more favorable structural color char-

acteristics, which is consistent with the spectroscopy 

measurements in Figure S5. This is attributed to the high 

homogeneity and controllable height of the nanograting 

structures induced by our method.

Moreover, the structural colors of the Si surface 

with complex patterned design are depicted in Figure 7, 

which are made up of 2D nanograting structures with 

cross scales from 790  nm to 0.75  cm. It is noteworthy 

that these 2D nanograting structures were fabricated by 

chemical etching-assisted femtosecond laser modifica-

tion with etching for 90 s. This design is composed of the 

Chinese abbreviation and English full text of “Beijing 

Institute of Technology”. Figure 7A–C have displayed 

three different kinds of structural color viewing from 

several angles only under indoor light illumination (as 

shown in Video S4). These well-defined patterns will 

undoubtedly confirm that our approach is capable of 

producing any desirable pattern with remarkable struc-

tural color characteristics.

4   Conclusion

In summary, a flexible and efficient approach has been 

proposed to fabricate highly homogeneous and con-

trollable nanograting structures on a silicon surface 

via chemical etching-assisted femtosecond laser modi-

fication. In the first stage, high-precision alternating 

amorphous-crystalline nanofringes are generated on 

a Si wafer due to femtosecond laser interaction with 

monocrystalline silicon. Subsequently, assisted by 

chemical etching, extremely homogeneous nanograt-

ing structures are acquired resulting from the distinct 

etching rates of amorphous silicon and crystalline 

silicon in KOH solution. Besides, the morphology of 

the nanogratings can be precisely controlled by simply 

adjusting the etching process. Afterwards, the structural 

Figure 7: A Si surface with complex patterned graphics made up of 2D nanograting structures with cross scales from 790 nm to 0.75 cm. 

(A–C) The structural colors of the Si surface are observed from different angles captured by an ordinary camera under indoor illumination.
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color of the Si surface featuring 2D nanograting struc-

tures is investigated. When varying the viewing angle, 

the colors of the visible spectrum from red to purple are 

observed on account of the chromatic dispersion. Mean-

while, the consequent nanograting structures exhibit 

more favorable structural color properties. Furthermore, 

this approach holds tremendous potentiality to create 

any complex pattern with remarkable structural color 

characteristics on silicon. This flexible and efficient pro-

cessing strategy for fabricating nanogratings with high 

homogeneity facilitates applications in broad fields, 

such as optics, biotechnology, etc.
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