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Abstract: The ability to create controllable patterns of micro- and nanostructures on the surface of
bulk silicon has widespread application potential. In particular, the direct writing of silicon oxide
patterns on silicon via femtosecond laser-induced silicon amorphization has attracted considerable
attention owing to its simplicity and high efficiency. However, the direct writing of nanoscale
resolution is challenging due to the optical diffraction effect. In this study, we propose a highly
efficient, one-step method for preparing silicon oxide nanopatterns on silicon. The proposed method
combines femtosecond laser-induced silicon amorphization with a subwavelength-scale beam waist
of photonic nanojets. We demonstrate the direct writing of arbitrary nanopatterns via contactless
scanning, achieving patterns with a minimum feature size of 310 nm and a height of 120 nm. The
proposed method shows potential for the fabrication of multifunctional surfaces, silicon-based chips,
and silicon photonics.

Keywords: femtosecond laser processing; photonics nanojet; nanometer-scale pattern; semiconduc-
tor materials

1. Introduction

Silicon is a popular material for multiple applications involving photonics [1,2], inte-
grated circuits [3,4], and silicon-based chips [5]. In recent decades, femtosecond lasers have
proven to be a promising tool for processing silicon [6–10], reducing manufacturing costs,
increasing efficiency, and enabling large-area processing. The contemporary femtosecond
laser treatment of silicon surfaces is focused primarily on removing material using an
energy higher than that required for silicon ablation threshold to ablate the material in the
processing area. Ablation technology can be used to alter surface reflectivity [11,12] and
wettability [13,14] as well as manufacture micro-lens arrays [15,16]. Moreover, owing to
the heat accumulation effect, femtosecond lasers with high repetition rates can directly
pattern silicon oxide patterns on a silicon substrate, which has potential applications in
maskless lithography [17] and microfluidics [18].

Methods of breaking the optical diffraction limit should be developed to increase
the resolution of femtosecond laser processing. It has been reported that irradiating
a microsphere with parallel-polarized light generates a photonic nanojet (PNJ) in the
backlight of the microsphere, which has a full width at half-maximum (FWHM) beyond
the optical diffraction limit [19–22], thereby providing a new strategy for femtosecond
laser super-resolution processing. A recent study showed that PNJs and femtosecond
laser ablation can be combined to improve processing resolution [23–25]. Most studies
have focused on ablation using PNJs [26]. However, no studies have reported the use of a
combination of PNJs and thermal oxidation, which can be applied to directly manufacture
silicon oxide nanopatterns on silicon substrates.

Photonics 2021, 8, 152. https://doi.org/10.3390/photonics8050152 https://www.mdpi.com/journal/photonics

https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://doi.org/10.3390/photonics8050152
https://doi.org/10.3390/photonics8050152
https://doi.org/10.3390/photonics8050152
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/photonics8050152
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics8050152?type=check_update&version=2


Photonics 2021, 8, 152 2 of 8

In this study, we combined PNJs and silicon amorphization induced by the heat
accumulation in a high-repetition-rate femtosecond laser to enhance processing resolution.
We directly manufactured silicon oxide nanopatterns (nanodots and nanopatterns with
an aspect ratio of 1:2.5 and a characteristic size of 310 nm) on a silicon substrate and
analyzed the oxidation of the silicon; the amorphization of silicon was observed after
ablation. Finite-difference time-domain (FDTD) software was used to compute the light
field distribution as the plane wave passed through the microsphere; the results were
consistent with experimental measurements. Thus, this study demonstrated significant
improvements in the machining applicability of femtosecond lasers.

2. Materials and Methods

As shown in Figure 1a, the laser incident on the microsphere formed a PNJ upon
emerging at the bottom of the microsphere. To avoid microsphere contamination by debris
produced during oxidation, we used low-refractive-index (n = 1.47) silica microspheres
(diameter = 22 µm, BaseLine, Beijing, China), which ensured that the generated PNJ was
focused sufficiently far away from the microspheres. The microspheres were attached
to the cantilever of an atomic force microscope (AFM; MLCT, Bruker, Germany) using
UV-curable adhesive (NOA63, Edmund Optics) and irradiated for 30 min to fix the attach-
ment (Figure 1b,c) [27]. The low Young’s modulus of the MLCT probe ensured that the
microspheres and the cantilever were not damaged when the probe touched the surface of
the substrate during processing. The AFM probe and the sample were placed on piezo-
electric ceramic transducers to accurately control the distance between the sample and the
microsphere to an accuracy of 0.4 nm.
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direct laser irradiation without introducing an etching reagent. Compared without micro-
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of magnitude. 

Figure 1. (a) Schematic showing the direct writing of silicon oxide patterns on a silicon substrate via
a PNJ. (b) Top and (c) side views of a microsphere attached to the cantilever of an AFM. The diameter
of the fused silica microspheres (n = 1.47) is approximately 22 µm.

The laser beam was focused through an objective lens (NA = 0.3, MPlanFLN, Olympus)
and irradiated onto the microsphere to maximize the laser energy. We used a femtosecond
laser (PHAROS-6W, Light Conversion) with a wavelength of 515 nm, pulse duration of
290 fs, and a maximum repetition rate of 200 kHz. The high repetition rate facilitated heat
accumulation on the silicon surface, thus accelerating the oxidation. In this experiment, the
repetition frequency was fixed at 200 kHz, and the scanning speed was 10 µm/s.
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We used Si<100> substrates, which were cleaned with a solution of ammonia, hy-
drogen peroxide, and ultrapure water at a ratio of 1:1:5. In addition, ultrasonic treatment
was performed for 5 min at 50 ◦C to remove impurities generated during processing.
All experimental results were obtained via AFM (Dimension Icon, Bruker) or scanning
electron microscopy (SEM; Zeiss EVO MA10). Prior to SEM characterization, the sam-
ples were coated with a gold layer (approximate thickness of 30 nm) using a magnetron
sputtering instrument.

In addition to the experimental characterization, optical field distribution was simu-
lated using the FDTD computational technique. The simulations were performed for an
area of 60 µm × 30 µm, mesh size of λ/100, and the boundary matching layers were set as
perfect absorption layers to ensure accuracy. The incident light was a plane wave with a
wavelength of 515 nm. The refractive indices of the microsphere (diameter = 22 µm) and
the background medium were set as 1.47 and 1, respectively. The simulation conditions
were consistent with those of the experiment.

3. Results and Discussion
3.1. Process of Silicon Oxide Microstructure Induced by PNJ

A convex structure, diameter of approximately 2.9 µm was achieved by directly focus-
ing a 200 kHz femtosecond laser (Figure 2a). Energy-dispersive spectroscopy (EDS) was
used to analyze the constitution of the convex structure, thus showing that a femtosecond
laser with a high repetition rate can oxidize silicon to silicon oxide (Figure 2b) [17,28,29]. In
order to improve the manufacturing resolution, microspheres were used to generate PNJ.
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of the light field oscillates violently because of the interference between the reflected and 
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intensity is approximately 30 times greater than that of the incident light energy. How-
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PNJ is approximately 5 μm, exceeding the focal spot length of the high-NA objective lens, 
which has a longer working distance. In addition, we analyzed the energy profile in the 
xy-plane at the maximum light intensity, as shown in Figure 4c,d. A side lobe can be ob-
served near the PNJ, which has an intensity equal to approximately one-third that of the 
PNJ. The FWHM of the PNJ is approximately 400 nm (Figure 4d), which corresponds to 
the size of the machined protrusion. 

Figure 2. (a) High-repetition-rate femtosecond laser-induced convex structures, directly focused by
an object lens (NA = 0.3, MPlanFLN, Olympus). (b) EDS of convex structures showing silicon was
oxidized by a femtosecond laser.

Figure 3a shows a schematic of the oxidation of the silicon substrate by the PNJ. Owing
to the extremely high energy density of the PNJ, the silicon substrate was ablated, forming
micro/nanocavities [24]. After the formation of the micro-/nanocavities, there was not
sufficient space for the heat accumulated to dissipate because of the high-repetition laser
pulses, causing the temperature in the pores to be higher than the temperature oxidating
the silicon substrate. The resulting oxidation converted the silicon to silica. In addition,
because the ablation threshold of silicon is much lower than that of silicon dioxide [30,31],
convex silicon oxide formed on the silicon substrate (Figure 3b).
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Figure 3. (a) Oxidation of the silicon substrate by the PNJ. (b) AFM image of convex silicon oxide
induced by the PNJ. (c) AFM image showing the cavity etched from silicon oxide on silicon with 10%
HF. (d) Cross-sectional views of the dotted lines in (b,c).

Hydrofluoric acid (HF) is strongly corrosive to silicon oxides; therefore, we used 10%
HF to remove the convex oxide. This process created a cavity with an FWHM of 265 nm
on the silicon substrate (Figure 3c), confirming that the main component of the convex
structure induced by the high-repetition-rate femtosecond laser is silicon oxide.

The morphologies of the convex structure and the cavity were analyzed using AFM,
as shown in Figure 3d. The convex structure has an FWHM of 310 nm, and the ratio
of height to width is approximately 1:2.5. Note that the convex structure was formed
using direct laser irradiation without introducing an etching reagent. Compared without
microspheres (Figure 2a), the character size of the manufactured features is greater by an
order of magnitude.

3.2. Simulation Analysis of PNJ

To analyze the PNJ processing mechanism in greater detail, we conducted a simulation
using the experimental conditions to calculate the light field distribution generated by the
femtosecond laser as it passes through the microsphere (Figure 4). When the PNJ emerges
from the microsphere, the local light intensity is significantly enhanced (Figure 4a). The
energy distribution of the light field along the z-axis is shown in Figure 4b. Starting from
the direction of incidence (indicated by the green arrows in Figure 4a), the energy of the
light field oscillates violently because of the interference between the reflected and incident
light [32]. Outside the microsphere, the energy of the light field increases rapidly and is the
highest at a distance of 4.5 µm from the microsphere, at which point the energy intensity
is approximately 30 times greater than that of the incident light energy. However, the
energy decreases rapidly as the distance continues to increase. The length of the PNJ is
approximately 5 µm, exceeding the focal spot length of the high-NA objective lens, which
has a longer working distance. In addition, we analyzed the energy profile in the xy-plane
at the maximum light intensity, as shown in Figure 4c,d. A side lobe can be observed near
the PNJ, which has an intensity equal to approximately one-third that of the PNJ. The
FWHM of the PNJ is approximately 400 nm (Figure 4d), which corresponds to the size of
the machined protrusion.
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Figure 4. FDTD simulation of the light field distribution of the PNJ. (a) Setup of the PNJ simulation. The incident light
intensity was normalized, with the color bar representing the scaled light intensity. The inset shows the magnified PNJ.
(b) The light field distribution in the xy-plane of the PNJ. (c) The light field distribution along the z-axis of the PNJ. The
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microsphere coincides with the zero point of the horizontal axis. (d) Prolife centered about the dotted line in (b).

3.3. Effect of Laser Power on the Size of the Oxidized Region

Energy, as an important parameter in laser processing, determines the size of the
machined structures. The relationship between the energy density of the PNJ and the size
of the oxidation region for femtosecond lasers of different powers is shown in Figure 5.
Specifically, Figure 5a–d show SEM images corresponding to laser powers of 158, 211, 277,
and 331 µW, respectively. The protruding surface was relatively rough, owing to uneven
oxidation. In part, this is due to the accumulation of oxidized debris generated during the
ablation. As in ordinary laser processing, a higher energy density results in larger feature
sizes (Figure 5e). The minimum feature size obtained during the experiment was 290 nm.
Owing to the nonlinear absorption of silicon and ablation fluence threshold [33], the FWHM
of the convex structure was smaller than the simulated value, which is consistent with the
simulation results. In addition, Figure 4b shows that the energy distribution at the peak
PNJ intensity is approximately Gaussian. Therefore, by combining accurate laser energy
control with the nonlinear absorption of silicon, high-resolution silica protrusions can be
achieved and used to create patterns.
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3.4. Directly Writing Arbitrary Silicon Dioxide Pattern

Finally, we applied the one-step process to realize direct silica patterning by scanning.
The position of the microsphere was maintained, while the piezoelectric ceramic transducer
was programmed to trace an expected path. Note that the substrate was separated from
the microspheres by an approximate distance of 4.5 µm, with this noncontact processing
method protecting the microspheres from surface splashes. The pattern shown in the
SEM image in Figure 6 was produced using a laser power of 158 µW, a scanning speed of
10 µm/s, and a laser repetition frequency of 200 kHz. We achieved a silicon oxide pattern
preparation of 100 µm × 100 µm (Figure 6a), and the width of the prepared features was
approximately 350 nm (Figure 6c). Owing to the nonuniformity of oxidation, achieving
highly uniform patterns via this approach is difficult. Nevertheless, it may be possible to
reduce the roughness of silicon dioxide nanowires by using a femtosecond laser with a
higher repetition rate.

Photonics 2021, 8, 152 6 of 8 
 

 

Figure 5. Influence of energy density on the machined feature size with microspheres. (a–d) SEM 
images of silicon substrates irradiated with lasers with powers of 158, 211, 277, and 331 μW, respec-
tively. (e) Width of the oxidation-induced convex silicon oxide structures as a function of laser 
power. 

3.4. Directly Writing Arbitrary Silicon Dioxide Pattern 
Finally, we applied the one-step process to realize direct silica patterning by scan-

ning. The position of the microsphere was maintained, while the piezoelectric ceramic 
transducer was programmed to trace an expected path. Note that the substrate was sepa-
rated from the microspheres by an approximate distance of 4.5 μm, with this noncontact 
processing method protecting the microspheres from surface splashes. The pattern shown 
in the SEM image in Figure 6 was produced using a laser power of 158 μW, a scanning 
speed of 10 μm/s, and a laser repetition frequency of 200 kHz. We achieved a silicon oxide 
pattern preparation of 100 μm × 100 μm (Figure 6a), and the width of the prepared features 
was approximately 350 nm (Figure 6c). Owing to the nonuniformity of oxidation, achiev-
ing highly uniform patterns via this approach is difficult. Nevertheless, it may be possible 
to reduce the roughness of silicon dioxide nanowires by using a femtosecond laser with a 
higher repetition rate. 

 
Figure 6. SEM image of silicon oxide nanopatterns, (a,b) concentric circles and (c) grid. 

4. Conclusions 
This study demonstrates the direct writing of silicon oxide nanopatterns on a silicon 

substrate with an FWHM of approximately 350 μm and an aspect ratio of 1:2.5. By using 
the FWHM of the PNJ to overcome the optical diffraction limit, along with using a high-
repetition-rate femtosecond laser, the patterning of silica nanostructures on a silicon sub-
strate was achieved via a one-step process. The minimum size of the prepared nanopat-
tern is approximately 310 nm. With further refinement, we believe that the combination 
of nonlinear material absorption and the precise laser energy control can be used to fabri-
cate silica patterns with a resolution <300 nm or better. As such, the approach described 
herein has the potential to be utilized for applications requiring silicon-based chips and 
optical waveguides. 

Author Contributions: L.L., H.L. and H.Y. conceived the basic idea of this study and designed its 
experiments; H.L. and X.W. designed the optical system and performed the experiments; H.L., H.Y. 
and L.L. analyzed the data and co-wrote this paper; L.L. and H.Y. supervised the project; J.Z. and 
Y.W. assisted in the experimental processes. All authors contributed to the general discussion and 
revision of the manuscript. All authors have read and agreed to the published version of the manu-
script. 

Funding: This research was funded by National Natural Science Foundation of China (grant num-
bers 61925307, 61727811, 61973298, 61803366 and 61821005); External Cooperation Program of the 
Chinese Academy of Sciences (grant number 173321KYSB20170015); CAS Interdisciplinary Innova-
tion Team (JCTD-2019-09); Liaoning Revitalization Talents Program (grant number XLYC1807006); 

Figure 6. SEM image of silicon oxide nanopatterns, (a,b) concentric circles and (c) grid.

4. Conclusions

This study demonstrates the direct writing of silicon oxide nanopatterns on a silicon
substrate with an FWHM of approximately 350 µm and an aspect ratio of 1:2.5. By us-
ing the FWHM of the PNJ to overcome the optical diffraction limit, along with using a
high-repetition-rate femtosecond laser, the patterning of silica nanostructures on a silicon
substrate was achieved via a one-step process. The minimum size of the prepared nanopat-
tern is approximately 310 nm. With further refinement, we believe that the combination
of nonlinear material absorption and the precise laser energy control can be used to fabri-
cate silica patterns with a resolution <300 nm or better. As such, the approach described
herein has the potential to be utilized for applications requiring silicon-based chips and
optical waveguides.
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