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High-aspect-ratio grooves have been fabricated in silicon by a single pass of femtosecond laser

pulses in water and ambient air. Scanning electron microscopy and energy dispersive x-ray

spectroscopy were employed to image for the morphology of the photoinduced grooves and analyze

the chemical composition in the surrounding of the grooves. It was observed that the sidewall of the

grooves fabricated in water was much smoother than that in ambient air, and there were

homogeneous nano-scale protrusions on the sidewall of the grooves fabricated in water. Meanwhile,

oxygen species, which was incorporated into the grooves fabricated in air, was not observed in those

in water.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4709726]

I. INTRODUCTION

Femtosecond laser pulses have proved to be an effective

tool for processing a wide range of materials, such as semi-

conductor,1 glass,2 polymer,3 ceramic,4 and metal.5. Because

silicon is one of the most commonly used materials in semi-

conductor industry, femtosecond laser interaction with silicon

has attracted growing attention owing to the possible applica-

tions of the microstructures fabricated on silicon surface in

silicon-based microelectronics and microelectromechanical

devices. Various structures, such as craters,6,7 ripples,8–10

columns,11–13 and nanofibrous structures,14 have been pro-

duced on silicon surface after irradiation with femtosecond

laser pulses. However, as the wavelength of the light in most

experiments is in the absorption region of silicon, and the

observation of the microstructures inside silicon is not so con-

venient as those fabricated in transparent materials, the stud-

ies of femtosecond laser interaction with silicon mainly

restricted to the surface; few investigations have been con-

ducted inside silicon. Recently, we reported the photoinduced

single and multiple microchannels inside silicon wafer by

femtosecond laser pulses at the wavelength of 800 nm, which

is located at the absorption region of silicon.15–17

The grooves in silicon have attracted more and more inter-

est due to its potential applications in optical control over sur-

face-plasmon-polariton-assisted THz transmission.18 Several

studies have been conducted on the fabrication of grooves in

silicon by cw laser19–21 or femtosecond laser,22 and the high

aspect ratio was achieved by means of multiple passes of the

incident laser22 or using high-repetition-rate laser.23 Even so,

we predict that the aspect ratio or quality of the grooves could

be further improved by using the femtosecond laser microfab-

rication technology within silicon or choosing appropriate

environments. Furthermore, the chemical composition in the

surrounding of the grooves needs to be further confirmed.

In this paper, high-aspect-ratio grooves are fabricated in

silicon in de-ionized water and ambient air by a single pass

of femtosecond laser pulses. In our experiment, the femto-

second laser microfabrication technology within silicon was

employed to fabricate the high-aspect-ratio grooves in which

the laser beam was focused below the surface of the silicon

wafer. The morphology and chemical composition of the

induced grooves were characterized by a scanning electron

microscopy (SEM) and energy dispersive x-ray spectroscopy

(EDS), respectively. Meanwhile, the oxygen species, which

was not found in the surrounding of the grooves fabricated in

de-ionized water, was incorporated into the grooves in ambi-

ent air. These results indicated that the incorporation of oxy-

gen into the fabricated microstructures could be effectively

eliminated in de-ionized water environment.

II. EXPERIMENTAL DETAILS

An amplified Ti: sapphire femtosecond laser system

(FEMTOPOWER Compact Pro, Austria) was employed to

provide laser pulses with 30-fs pulse duration, 800-nm wave-

length, and 1-KHz repetition rate. The energy of the incident

laser pulses could be continuously varied by rotating a vari-

able neutral density filter (NDF), and the access of the laser

was controlled via a mechanical shutter.

Figure 1 shows the schematic illustration for the fabrica-

tion of the grooves in de-ionized water. The silicon wafer

with a thickness of 300 lm was previously rinsed in an ultra-

sonic cleaner with absolute alcohol and de-ionized water for

about 10min; then it was fixed horizontally in an open glass

container filled with water. The container was mounted on a

computer controlled three-dimensional translating stage

with a resolution of 40 nm at x, y, and z axis. The distance

between the silicon surface and the water surface was esti-

mated to about 1mm. In addition, when the silicon wafer

was irradiated in ambient air, the glass container was moved

away and the wafer was mounted horizontally on the trans-

lating stage. No matter the silicon wafers were immersed in
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de-ionized water or ambient air, a 50� microscope objective

with the numerical aperture (NA) of 0.50 was employed to

focus the femtosecond laser pulses below the surface of sili-

con wafers (about 25 lm with regard to the silicon surface).

The focal plane was determined by finding the smallest di-

ameter of the photoinduced craters via the irradiation of the

silicon wafers at different z positions. Furthermore, the scan-

ning direction was set parallel to y axis, which was parallel

to the polarization direction of the incident laser.

After irradiation with the femtosecond laser pulses, sur-

face damage lines could be observed clearly on the surface of

the silicon wafer via a CCD camera connected to a computer.

The irradiated silicon wafers were polished with waterproof

abrasive paper along the cross section (means the xoz plane)
which was perpendicular to the scanning direction (means the

y axis direction) to a random position to observe the induced

grooves in silicon wafers. After that, the silicon wafers were

rinsed with de-ionized water and absolute alcohol in ultra-

sonic cleaner for about 15min. Finally, the photoinduced

grooves and chemical composition were characterized by

SEM equipped with EDS (JEOL JSM-6390A series).

III. RESULTS AND DISCUSSION

First, the grooves were produced in de-ionized water.

The laser average energy was set at 5.0 mW, and the scan-

ning speeds of the laser were set at 5lm/s, 10 lm/s, and

15 lm/s. To observe the grooves induced inside silicon, we

polished the irradiated wafer along the cross section (xoz
plane) by abrasive paper. The morphology of the grooves at

random position (along y direction) indicated that, the

continuity of the grooves along the scanning direction was

well.

Figure 2 illustrates the SEM images of the grooves fabri-

cated in de-ionized water at different scanning speeds. For

each experimental condition, ten grooves were produced in

different locations at a certain interval of 50 lm in silicon

along x axis, and the measurement in width and depth of the

grooves under the same condition suggest that the repeatabil-

ity of the geometry of the grooves is guaranteed. We can see

from Fig. 2 that the grooves extend to the interior of the sili-

con wafer about 30 lm (at the speed of 10 lm/s), the width

of the grooves is estimated to about 1 lm, meaning the

aspect ratio of the grooves is 30. From Fig. 2, we can also

see that the width of the grooves remains almost constant for

different scanning speeds, while the depth of the grooves

decreases with the increase of the scanning speed. This is

because the laser energy accumulated in unit area of the sili-

con sample decreases with the increase of the scanning

speed, which makes the ablation efficiency of silicon

decrease, consequently the depth of the grooves decreases.

In order to compare the morphology of the grooves

formed in different environments, we produced grooves in

ambient air under the following laser parameters: the laser

average energy was set at 5.0 mW, the scanning speed was

set at 5 lm/s. The induced grooves are shown in Fig. 3. We

can see from Fig. 3(a) that the depth of the induced grooves

is about 100 lm, while the width of the grooves is estimated

to about 4 lm, meaning the aspect ratio of the grooves is 25,

which is also much larger than those of the grooves induced

in silicon19–22 in the same environment. In our experiment,

the high-aspect-ratio grooves were produced by a single pass

of tightly focused femtosecond laser pulses, which improved

the efficiency of producing grooves in silicon.

FIG. 1. Schematic illustration for the fabrication of the grooves in de-

ionized water.

FIG. 2. SEM images of grooves fabricated in de-ionized water under differ-

ent scanning speeds: (a) 5 lm/s; (b) 10lm/s; (c) 15lm/s. The laser power

was set at 5.0 mW. The magnified morphology of the area marked out in (c)

was illustrated in (d), (e), and (f).

FIG. 3. SEM images of the grooves fabricated in ambient air. The laser av-

erage power was 5.0 mW, and the scanning speed was 5lm/s. The magni-

fied morphology of the area marked out in (a) was illustrated in (b), (c),

and (d).
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By comparing the morphology of the grooves at differ-

ent positions of grooves fabricated in water (in Fig. 2) and

ambient air (in Fig. 3), it is observed that the grooves fabri-

cated in de-ionized water are much smoother than those in

ambient air. Moreover, there are homogeneous nano-scale

protrusions on the sidewall of the grooves in de-ionized

water, and the order of magnitude of the protrusions is esti-

mated to 100 nm. When intense femtosecond laser irradiated

the silicon wafer immersed in water, high-intensity plasmas

were produced near the focal volume, and lots of cavitation

bubbles formed due to the expansion of these plasmas, which

is similar to the laser-induced breakdown in water.24,25

These bubbles were not stable in water, they would ascend

to the surface, and the induced debris was taken away from

the silicon substrate by these bubbles. Meanwhile, these bub-

bles might lead to defocusing or scattering of subsequent

pulses and reduce the ablation efficiency of silicon. This

would reduce the depth of the grooves fabricated in water

compared with those in ambient air. When the femtosecond

laser pulses irradiated the silicon wafer in ambient air, the

debris induced by the previous femtosecond laser pulses

remained near the damage area. Therefore, the grooves fabri-

cated in de-ionized water were much smoother than those in

ambient air.

Finally, we analyzed the chemical composition in the

surrounding of the grooves by employing the EDS in the

converse and longitudinal direction. The measured regions

are marked out in Figs. 4(a) and 5(a), and the results are

illustrated in Figs. 4(b) and 4(c) and 5(b) and 5(c). From

Figs. 4 and 5, we observed that the main element in the sur-

rounding of the groove fabricated in water was silicon, while

that in ambient air were silicon and oxygen. No matter the

silicon wafers were irradiated in water or ambient air, the

whole cross section of the irradiated silicon wafer was pol-

ished by the abrasive paper; if the SiO2 micro-grains in it

contaminated the surface, oxygen should also be observed in

the unirradiated regions in the same cross section; however,

we did not observe oxygen in the cross section besides the

irradiated regions, which confirmed that the SiO2 micro-

grain in the abrasive paper did not contaminate the measured

regions. Therefore, we proposed that the incorporation of

oxygen into the fabricated grooves could be effectively elim-

inated in water environment. As for the incorporation of

oxygen into the interior of silicon, we contribute this phe-

nomenon to the trapping effect of the laser induced dangling

bonds.26–28 When the femtosecond laser pulses irradiated the

silicon wafer, there would be some defects formed in silicon,

and some crystalline silicon transformed to amorphous sili-

con, the dangling bonds in which would trap the oxygen in

ambient environment into silicon. Additionally, the dissolved

oxygen in de-ionized water was much less than that in ambi-

ent air, the oxygen incorporated into the silicon immersed in

water was so little that we could not observe it, on the con-

trary, the oxygen incorporated into silicon in ambient air

cannot be ignored, and the atomic percentage of which was

illustrated in Fig. 5.

We can see from Figs. 5(b) and 5(c) that the atomic

percentage of oxygen decreases from the edge of the groove

to the periphery regions in the transverse direction, and in

the longitudinal direction, the atomic percentage of oxygen

decreases with the increase of the depth. We attribute this

phenomenon to the dependence of the incorporation of oxy-

gen on the laser intensity. As the number of the induced dan-

gling bonds is proportional to the intensity of the laser

transmits inside the silicon material,26 the amount of the pho-

toinduced dangling bonds decreases from the center to the

periphery regions due to the distribution of the incident laser

in transverse direction; therefore, the atomic percentage of

oxygen trapped into silicon decreases from the center to the

periphery regions accordingly. In the longitudinal direction,

intensity of the laser decreases along the propagation direc-

tion owing to the absorption of the laser in silicon material.

For this reason, the induced dangling bonds decreases with

the increase of the depth, the atomic percentage of oxygen

trapped into silicon decreases accordingly, which shows the

same dependence on the laser intensity as that in transverse

FIG. 4. Atomic percentage of oxygen species in the surrounding of the grooves fabricated in water: the measured points are marked out in (a), the atomic per-

centage of oxygen along the transverse and longitudinal directions are illustrated in (b) and (c), respectively.
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direction. What is more, the diffused oxygen decreases with

the increase of depth may also lead to similar decrease of

atomic oxygen percentage with increasing the depth in the

longitudinal direction.

IV. CONCLUSIONS

In conclusion, we produced high-aspect-ratio grooves in

de-ionized water and ambient air by a single pass of the

tightly focused femtosecond laser pulses The sidewall of the

grooves fabricated in de-ionized water was much smoother

than those in ambient air, and there were nano-scale homoge-

nous protrusions structures on the sidewall of grooves in de-

ionized water. By comparing the chemical composition of

these two kinds of grooves, we proposed that the incorpora-

tion of oxygen could be effectively eliminated in the de-

ionized water environment, and the oxygen incorporation to

the silicon wafer depends on the intensity of incident the laser.
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