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Abstract: We demonstrated a new method to fabricate micron-sized 
grooves with high aspect ratios in silicon wafers by combining femtosecond 
laser irradiation and oxygen-dependent acid etching. Femtosecond laser was 
employed to induce structure changes and incorporate oxygen into silicon, 
and then materials in oxygen-containing regions were etched by 
hydrofluoric acid (HF) solution to form grooves. The etching could be 
attributed to the reaction between HF and silicon oxides formed by 
femtosecond laser irradiation. The dependences of the aspect ratios of 
grooves on the laser fluence and the scanning velocity were also 
investigated. 
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1. Introduction 

Microstructures, such as periodic ripples [1,2], spike structures [3], porous structures [4,5], 
grooves [6,7] and microchannels [8], have been well produced on silicon wafers. To fabricate 
these microstructures, lithography of extreme ultraviolet lithography (EUV), particle beam 
lithography and nano-imprint lithography have been widely applied [9–11]. Among these 
microstructures, high-aspect-ratio grooves have promising applications in fabrication of 
micro-electro-mechanical systems (MEMS), multilayer microfluidic devices and microsensors 
[12–14]. In addition, the fabrication of grooves also has important applications in the trench 
isolation CMOS technology and optical control over surface plasmon polarition assisted THz 
transmission [15–18]. 

Much research work has been conducted on the fabrication of grooves in silicon wafers. 
Freestanding gratings with a period of 240 nm and a depth of 1800 nm have been fabricated via 
a combined system including deep UV lithography and reactive-ion etching on preprocessed 
specimen [10]. Traditional lithography is relatively mature and can reach a max precision of 
nanometers magnitude. 

In recent years, as a powerful way for the fabrication of microstructures, femtosecond laser 
direct writing has been employed extensively to machine nearly all kinds of materials, such as 
glasses, photo-polymers and silicon [19,20]. Up to now, the fabrication of the all-silicon 
grooves using femtosecond laser direct writing is mainly based on the laser ablation technique. 
During the process, however, the debris and resolidified molten silicon might block the energy 
delivery deeper into the silicon [6]. Hence, the aspect ratio of the grooves cannot be high 
enough. Recently, we found femtosecond laser could induce structure changes deep into 
silicon. In addition, the element of oxygen was incorporated into laser-induced structure 
change (LISC) regions [21]. If materials in LISC regions are removed selectively, grooves 
with high aspect ratios could be obtained without the ablating problem mentioned above. 
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In this paper we introduce a new method for the fabrication of micron-sized grooves with 
high aspect ratios in silicon wafers by combing femtosecond laser irradiation and a targeted 
acid etching process. Femtosecond laser at 800 nm was employed to induce LISC in silicon, 
and then materials in LISC regions were etched by hydrofluoric acid (HF) solution to form 
grooves. The etching process could be attributed to the chemical reaction between HF and 
silicon oxides (SiOx), which leaded to the remove of the materials in LISC regions. Meanwhile 
the HF solution had almost no effect on pure silicon. Grooves with an aspect ratio of 16 were 
fabricated in our study. What’s more, we fabricated grooves at different experimental 
conditions to investigate influences of laser irradiation power and scanning velocity on the 
aspect ratios. Experimental results showed the aspect ratios of acid-etched grooves increased 
with the increase of the incident laser fluence and decreased with the increase of scanning 
velocity. 

2. Experimental setup 

There were two steps to fabricate grooves in silicon wafers, including femtosecond laser 
irradiating and HF etching. Details of these two steps are showed in Fig. 1. 

 

Fig. 1. Two-step schematic diagram of micron-sized grooves fabrication. 

2.1 LISC induced by femtosecond laser irradiation 

LISC was induced in the silicon wafer with a thickness of 500 μm. The wafer was P-type with 
<100> crystal orientation. As the first step, the wafer was fixed on a three-dimensional 
translation stage controlled by a computer and irradiated by femtosecond laser under ambient 
air conditions. The precision of the stage was 40 nm in x, y and z direction, respectively. Laser 
pulses were provided by a regeneratively amplified Ti:sapphire laser system. This laser system 
can generate 4 mJ, 50 fs laser pulses at a repetition rate of 1 kHz. The operating center 
wavelength is 800 nm. As showed in Fig. 1, the femtosecond laser beam was focused by a 10 × 
microscope objective lens (N.A. = 0.30) onto the upper surface of the silicon. LISC regions 
were formed by scanning the focused laser beam over silicon surfaces. The scanning direction 
was negative along the y axis, which was parallel to the polarization of laser pulses. The scan 
length was 600 μm for each scanning line, and the separation distance was set at 80 μm to 
avoid the interference between two adjacent scanning lines. A CCD camera was fixed on the 
microscope system to monitor the fabrication processes. The laser energy could be 
continuously adjusted by the variable optical attenuator in front of the microscope system. 

2.2 Fabrication of grooves by HF etching 

After femtosecond laser irradiation, HF etching was applied. Before etching, in order to 
remove the debris on the silicon surface, the specimen was ultrasonically cleaned by acetone 
alcohol and deionized water for 15 min respectively. The cleaning process had no influence on 
the LISC and the silicon. After cleaning the cross section of the specimen was observed using a 
scanning electron microscopy (SEM) and the chemical composition was analyzed by energy 
dispersive X-ray spectroscopy (EDX) analyzing. Then the specimen was put into a 20 wt% HF 
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solution for 45 min, assisted by ultrasonic cleaner at room temperature. Finally the cross 
section of grooves was characterized by SEM and EDX. 

3. Experimental results and discussion 

3.1 Morphology features of the LISC regions and the grooves 

Figures 2(a) and 2(b) illustrate the cross-sectional SEM images of the LISC regions induced at 
the laser fluence of 11.14 J/cm2, which is more than the ablation threshold of silicon (0.2 J/cm2) 
[22]. LISC regions with the length of 104 μm were formed in silicon, which were always 
accompanied by surface ablation. The cross-sectional shape of the LISC region was neither 
convergent nor divergent, and the length was more than the Rayleigh length (about 30 μm) of 
the focused laser beam. It is possible that self-trapped filament occurred in the region. To form 
such 104-μm long LISC region, the average incident power excluding reflection was about 400 
MW, which was much more than the critical power of self-trapping in fused silica as 4.3 MW 
[23]. This was due to the much higher linear absorption of silicon at 800 nm. And the length of 
the LISC region was dependent on the linear absorption of silicon and the incident power. The 
transmittance of the 100 μm thick silicon at 800nm was measured to be about 3.7% and the 
fluence at this depth was about 0.42 J/cm2 corresponding to the incident laser fluence of 11.14 
J/cm2. 

 

Fig. 2. Cross-sectional SEM images of LISC regions (a) before and (c) after chemical etching. 
(b) and (d) were the detail morphologies of (a) and (c). 

Figures 2(c) and 2(d) show the cross-sectional SEM images of LISC regions after etching. 
Grooves were formed from the former regions and when we extended etching time, other 
regions maintained unetched. The groove was slightly V-shaped, with the width of 5 – 7 μm 
and the length of 104.8 μm. There existed an irregular layer at the bottom of the groove with 
about 15 μm long. The aspect ratio (completely etched depth divided by width) was about 16. 

3.2 Element analyses 

To understand the formation mechanism of grooves, we adopt EDX to analyze the contained 
element of LISC regions. Figure 3(a) shows the cross-sectional SEM image of one region 
formed at the laser fluence of 11.14 J/cm2. Figures 3(c) and 3(d) demonstrate the atomic 
percentage of oxygen in horizontal (x axis) and vertical (z axis) directions in the region before 
chemical etching. According to EDX measurements, laser irradiation introduced only oxygen 
into silicon and the oxygen had certain regularities in distribution. The atomic percentage of 
oxygen in line 3 [Fig. 3(d)] illustrates that oxygen content decreased along the depth (z axis). 
Horizontally, the oxygen content at the center was much higher than that at the edge of the 
region, seen from the oxygen analysis of line 1 and 2 in Fig. 3(c). 

These results imply that oxygen could be incorporated deep into silicon. Two essential 
factors may contribute to the oxygen incorporation. One factor is the inducing of dangling 
bonds in silicon by femtosecond laser irradiation, which made it possible to trap oxygen [21]. 
The other factor is the local heating effect related to the instantaneous accumulation of laser 
energy and high absorption, which facilitated the diffusion of oxygen thermally [24]. When 
femtosecond laser irradiated the silicon, the original regular crystal structures of silicon were 
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broken and structure changes such as dislocations came into being [25]. Amount of dangling 
bonds which could trap oxygen appeared in LISC regions. Higher laser fluence and 
multi-pulse accumulation would deepen the LISC regions and increase the dangling bond 
density. By thermal activation, oxygen diffused and was trapped by dangling bonds in LISC 
regions deep into silicon. 

 

Fig. 3. Element analysis of (a) LISC regions by graph (c) the horizontal orientation line1 and 
line 2 and graph (d) the vertical orientation line 3. The vertical axis of two graphs is the atomic 
percentage of oxygen. (b) showed the EDX analyzing points 1 to 6 of one groove. 

EDX analyzing of the groove indicated that materials in oxygenated regions were almost 
removed after 45 min ultrasonic etching. The chemical composition at the marked positions in 
Fig. 3(b) was almost pure silicon, therefore the all-silicon grooves were formed. 

When it is under non-electrochemical situation at room temperature, HF hardly reacted 
with silicon without any strong oxidant, so the reaction between silicon and HF could be 
ignored in our experiments. According to the above results, we could attribute the formation of 
grooves to the chemical reaction between HF and SiOx formed by femtosecond laser 
irradiation [26]. To sum up, the HF etching is an oxygen-dependent process. The etching 
would stop in oxygen-free regions and activate in oxygen-containing regions. The applying of 
the HF helped to selectively etch the materials in LISC regions to generate grooves. Materials 
in left regions of the specimen were not etched and remained silicon. The etching rate of the 
top region was higher than that of the bottom region owning to the higher content of oxygen at 
the top region. In our experiments the etching time was set long enough to select materials in 
both top and bottom LISC regions to remove and grooves were observed etching consistently 
by polishing the sample to a random position. 

3.3 Influence of laser fluence and scanning velocity on the aspect ratios of grooves 

To investigate the influence of laser power on the aspect ratios of grooves, grooves were 
fabricated at different laser fluences of 1.59, 3.18, 4.77, 6.37, 7.96, 9.55 and 11.14 J/cm2 with 
the scanning velocity of 5 μm/s. Figure 4(a) shows the aspect ratios of grooves fabricated at 
these laser fluences. An increase in laser fluence led to an increase in aspect ratio. To research 
the influence of scanning velocity on the aspect ratios, grooves were fabricated at the scanning 
velocities of 1, 2, 5, 7, 10, 13, 15 μm/s with the laser fluence of 11.14 J/cm2. Results indicate 
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that aspect ratios decreased when scanning velocity increased, seem from Fig. 4(b). In this 
way, we were able to control the aspect ratio by varying the laser fluence and scanning 
velocity. In addition, no obvious effect of laser polarization on the aspect ratios was observed 
in our experiments. Other laser parameters such as focusing position and laser energy 
distribution profile could also be expected to achieve higher aspect-ratio grooves in silicon. 

 

Fig. 4. Dependence of the aspect ratios of grooves on the (a) laser fluence and (b) scanning 
velocity when the laser beam was focused onto the upper surface of the silicon. For (a) the laser 
scanning velocity was 5 μm/s and for (b) the fluence is 11.14 J/cm2. 

4. Conclusion 

In conclusion, all-silicon grooves with an aspect ratio of 16 were fabricated by femtosecond 
laser irradiation combined with oxygen-dependent HF etching. Firstly LISC was induced in 
silicon by the femtosecond laser irradiation. Secondly HF solution was employed to remove 
the materials in LISC regions. The formation of grooves could be attributed to the fact that 
oxygen was incorporated in LISC regions by femtosecond laser irradiation, and materials in 
oxygenated regions could be etched by HF solution selectively. The aspect ratios of 
acid-etched grooves increased with the laser fluence and decreased with the scanning velocity. 
Further, it could be expected that larger-sized grooves or container would be generated by 
multiple-pass scan. Multi-depth structure can also be fabricated simply at one time by 
adjusting the conditions of femtosecond laser irradiation process. This method could have 
potential applications in the fabrication of isolation grooves in MEMS and silicon trench 
capacitors, as well as micro-fluidic devices of biochemistry. 
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