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By femtosecond laser line-by-line scanning irradiating, large-scale microstructures were formed on the
surface of silicon with dimensions of 1x 1 mm?. Scanning electron microscope investigations exhibited that
homogeneous surface microstructures, such as directional-arranged bacilliform mesoporous structures, have
been successfully prepared. The dependence of the surface morphology on laser pulse energy was analyzed,
and the results indicated that the bacilliform mesoporous structures only can be textured within a certain
energy range. The optical reflective spectrum measurement revealed that the presence of bacilliform
mesoporous structures can significantly enhance the absorptivity of silicon at visible light range. This work
would help to control the formation of surface micro/nanostructures on silicon and other materials, which
has potential applications in solar energy, photoelectronics, biology and material science.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Surface microstructures on silicon have attracted extensive atten-
tion in the past few decades because well-defined micro-patterned
silicon has potential applications in photoelectronic devices, sensor
technologies, solar cells, and so on [1-5]. Consequently, much research
activity has been concentrated on controllable texturing of silicon via a
versatile and efficient process. Reviewing previous works, multiple
surface structures have been prepared on the silicon by various
methods. For example, chemical treatments could be utilized to
fabricate porous silicon which could be used as the material for the
fabrication of micro-hotplates in low-power thermal sensors and
thermal-effect micro-systems [6-8]. Other intriguing microstructures,
such as silicon spikes, have tremendous potential applications as light
absorbers for solar cells [9] and as micro-needles transdermal drug
delivery [10]. The formation of the silicon spikes could be accomplished
by means of laser-induced chemical etching [11-13] and plasma
etching [14-16]. Furthermore, it has been reported that ripples in sub-
micrometer scales would develop on the silicon surface after being
irradiated by nanosecond laser pulses [17].

Recently, femtosecond laser pulses became a popular tool for
texturing of solid materials, such as metals, dielectrics and semi-
conductors [18-20]. Femtosecond laser texturing of silicon is of
interest due to its single-step process and controllable morphologies.
A typical femtosecond laser-induced surface structure was subwave-
length ripples. When irradiated by femtosecond laser pulses, ripples
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with interspacing of hundreds of nanometers grow on the silicon
surface. The ripples were self-organized and the formation mechan-
isms might be related to the interference of incident laser light and the
excited surface electromagnetic wave [21-24]. In addition, it has been
proved that silicon spikes also can be obtained by femtosecond laser
irradiation, which is attributed to capillary forces [25,26]. However,
the isolated and individual functionalized spots with a dimension of
several micrometers usually are useless for practical applications. The
large-scale homogeneous surface microstructures, generally speaking,
were prepared by means of chemical treatments; but chemical
treatments will introduce chemical pollutions, which is unacceptable
forbiological and other special applications.

In this paper, we present a fabrication of large-scale homogenous
mesoporous structures on the surface of silicon wafers by a femtosecond
laser scanning irradiation. By altering the processing parameters, such
as incident laser energy, scanning speed, laser polarization and focal
objectives, various surface structures, including the directional-ar-
ranged bacilliform mesoporous structures and island protrusions,
were produced in regions with dimensions of 1x1 mm? We analyze
the dependence of surface morphology on laser pulse energy, and
believe that the bacilliform mesoporous structures only can be textured
within a certain energy range. The optical reflective performances of
textured areas also have been measured, which revealed the presence of
bacilliform mesoporous structures could significantly enhance the
visible light absorptivity of sample.

2. Experimental

The femtosecond laser resource employed in our experiments is a
multi-pass Ti:sapphire amplifier, which delivered 800 nm, 30 fs pulses
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at a repetition rate of 1 kHz (FEMTOPOWER compact Pro, FEMTOLA-
SERS). The pulse energy could be continuously varied by a variable
neutral density filter and a mechanical shutter could turn the laser on
and off. The laser pulses were focused via a 10x microscope objective
(Nikon, N. A.=0.3) or a 20x microscope objective (Nikon, N. A.=0.45).
The samples used in our experiments are 400-um thick Si (100) wafers.
Before femtosecond laser irradiation, the wafers are cleaned by
ultrasonic bath for 15 min in acetone and rinsed in deionized water.

The samples are positioned horizontally on a three-dimensional
computer-controlled stage. After scanning irradiation according to the
path shown in Fig. 1, the samples are treated by ultrasonic bath for
5min both in acetone and deionized water in order to clean the
residual ejections off the surface. Results are investigated by a
scanning electron microscope (SEM, JEOL, JSM-6390A).

3. Results

The SEM images of surface microstructures induced by femtosec-
ond laser pulses with different processing parameters are shown in
Figs. 2-5.

Fig. 2 shows the micrographs of surface microstructures (1x 1 mm?)
induced by horizontal polarized laser pulses in air. The incident laser
pulse energy was set as 1.1 p, the scanning direction was parallel to the
polarization orientation, and the interspacing between scanning lines
was 4 um. Respectively, the scanning speed and the employed focal
microscope objective were: (a) 100 um/s, 10x (N.A.=0.3); (b) 50 um/s,
10x (N. A.=0.3); and (c) 100 pm/s, 20x (N. A.=0.45).

Fig. 3 shows the micrographs of surface microstructures
(1x1 mm?) induced by vertical polarized laser pulses in air. The
incident laser pulse energy was set as 1.1 pJ, and the laser pulses were
focused via a 10x (N. A.=0.3) microscope objective; the scanning
direction was perpendicular to the polarization orientation. Respec-
tively, the scanning speeds and the intervals were: (a) 100 pm/s,
4 um; (b) 50 um/s, 4 um; and (c) 100 um/s, 8 pm.

Fig. 4 shows the micrographs of surface microstructures
(1x1 mm?) induced by 45° polarized laser pulses in air. The
incident laser pulse energy was set as 1.1 1J, and the laser pulses
were focused via a 10x (N. A.=0.3) microscope objective; the
polarization orientation was 45° to the scanning direction. Respec-
tively, the scanning speeds and the intervals were: (a) 100 um/s,
4 um; (b) 50 um/s, 4 pm; and (c) 100 pm/s, 8 pm.

Fig. 5 shows the micrographs of surface microstructures
(200 x 100 um?) induced by horizontal polarized laser pulses in air
with much higher incident laser energy densities. The laser pulses
were focused via a 10x (N. A.=0.3) microscope objective, the
scanning direction was parallel to the polarization orientation, and
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Fig. 1. The illustration of scanning path. The scanning path is zigzag: during the process,
the laser pulses were irradiated horizontally along x direction; after reaching the end
point of one scanning line, a mechanical shutter will occlude the laser beam and the
stage moves the sample to the start point of next scanning line. The solid lines denote
irradiated lines and the dash lines represent the un-irradiated lines.
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Fig. 2. The SEM images of surface microstructures (1x1 mm?) induced by horizontal
polarized laser pulses in air. The incident laser pulse energy was set as 1.1, the
scanning direction was parallel to the polarization orientation, and the interval was
4 pum. Respectively, the scanning speed and the employed focal microscope objective
were: (a) 100 pm/s, 10x (N. A.=0.3); (b) 50 pm/s, 10x (N. A.=0.3); and (c) 100 um/s,
20x (N.A.=0.45). The insert in each figure was the higher magnification image and the
white arrow represented laser polarization.

the intervals between scanning lines were 2 um. For Fig. 5(a), the
incident laser pulse energy was set as 2.5 pJ, and the scanning speed
was 160 umy/s; for Fig. 5(b), the incident laser pulse energy was 3.5 1y
and the scanning speed was 80 pmy/s.

Fig. 6 shows the reflective spectrums of untreated area compared
to the micro-structured areas shown in Fig. 2(a), Fig. 3(a) and Fig. 4
(a). The light resource is a board-band light source (UV/VIS light
source, DT 1000CE, Analytical Instrument Systems Inc.), and the
incident light energies and angles are kept as under the same
measurement conditions.

4. Discussion

Comparing with the femtosecond laser-induced ripples or spikes
reported in the previous works, the microstructures induced in our
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Fig. 3. The SEM images of surface microstructures (1x1 mm?) induced by vertical
polarized laser pulses in air. The incident laser pulse energy was set as 1.1 pJ, and the
laser pulses were focused via a 10x (N. A.=0.3) microscope objective; the scanning
direction was perpendicular to the polarization orientation. Respectively, the scanning
speeds and the intervals were: (a) 100 um/s, 4 pm; (b) 50 pm/s, 4 um; and (c¢) 100 um/s,
8 um. The insert in each figure was the higher magnification image and the white arrow
represented laser polarization.

experiments are closer to directional-arranged bacilliform mesopor-
ous structures (DABMS), as shown in Figs. 2-4. In Refs. [27,28], the
similar structures formed in the center of ablation craters surrounded
by the ripples. The formation of this type of morphology is related to
the Gaussian energy distribution of laser pulses. For a Gaussian laser
pulse, the energy density in the center is much higher than the
periphery region, which will lead to the formation of two distinct
types of microstructures: DABMS textured in higher energy density
region and ripples formed in lower energy density district. It indicates
that the threshold energy of the formation of DABMS is higher than
that of the ripples. However, when the incident laser pulse energy
further increases, the surface microstructures such as island protru-
sions appear in the laser-treated areas, as shown in Fig. 5(b). The
surface morphology depends on the pulse energy reveals that the
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Fig. 4. The SEM images of surface microstructures (1x 1 mm?) induced by 45° polarized
laser pulses in air. The incident laser pulse energy was set as 1.1 p, and the laser pulses
were focused via a 10x (N. A.=0.3) microscope objective; the scanning direction was
perpendicular to the polarization orientation. Respectively, the scanning speeds and the
intervals were: (a) 100 um/s, 4 pm; (b) 50 um/s, 4 pm; and (c) 100 um/s, 8 pm. The
insert in each figure was the higher magnification image and the white arrow
represented laser polarization.

formation mechanisms of these microstructures is related to a series
of processes, such as interference, thermal melting and resolidifica-
tion of materials, shockwave effects, etc. When laser pulse energy is
slightly above the ablation threshold, the interference between
incident laser pulses and the surface plasmons dominates the
texturing process, and the ripples form. With the pulse energy
increasing, the thermal effects and shockwave effects are intensified
and cannot be neglected; they compete with the interference
mechanism, and result in the formation of DABMS instead of ripples.
The island protrusions are caused by the thermal effects and
shockwave effects due to excessive energy depositions. In that case,
the interference effects can be disregarded and the surface of the solid
materials will be melted, the island protrusions are produced by
shockwave effects, capillary forces and resolidification of the
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Fig. 5. The SEM images of the surface micro-morphologies (200 x 100 um?) induced by
higher laser energy influence. The laser pulses were focused via a 10x (N. A.=0.3)
microscope objective, the scanning direction was parallel to the polarization orientation,
and the interval was 2 um. (a) The sample irradiated by the laser with pulse energy of 2.5 1
at the speed of 160 umy/s. (b) The sample irradiated by the laser with pulse energy of 3.5 1
at the speed of 80 um/s. The white arrows represented laser polarization.

ejections. Consequently, the pulse energy plays a key role in the
formation of microstructures.

Fig. 2(a), Fig. 3(a) and Fig. 4(a) show the influence of the laser
polarization on the surface morphologies. The pulse energy and the
scanning speed are 1.1 W and 100 um/s, respectively. Between these
SEM images, very few apparent morphological distinctions can be
observed, which at the same time proves that the morphology of these
structures are mainly related to the pulse energy and the threshold for
texturing DABMS is higher than the ablation threshold. When laser
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Fig. 6. The reflective spectrums of untreated area compared to the micro-structured
areas shown in Fig. 2(a), Fig. 3(a) and Fig. 4(a). The incident wavelength ranged from
180 nm to 870 nm.

pulse energy is slightly exceeded the ablation threshold, the formed
microstructures, such as ripples, are perpendicular to the polarization
orientation of laser pulses. But if the pulse energy is much higher than
the ablation threshold of sample, the polarization-dependent of the
microstructures are breakdown, as mentioned above, which will
result in texturing of polarization-independent surface microstruc-
tures. Moreover, the reflective spectrums of them are also similar,
almost down to 30% within the wavelength range from 350 nm to
800 nm compared to the untreated area, as shown in Fig. 6, which
indicated that the micro-structured surfaces have enhanced the
absorption in the wavelength range of visible lights. The enhancement
of the absorption can be explained by significant increase of the
surface area due to the formation of surface microstructures, which
presents our works have promising applications in the preparation of
electron and photon absorbers.

Fig. 2(b), Fig. 3(b) and Fig. 4(b) also show the polarization
independency of the surface morphologies. The pulse energy and the
scanning speed are 1.1 1 and 50 um/s, respectively. The similarity of
them reconfirmed our analysis aforementioned. The decrease of the
scanning speed would increase the number of shots deposited in a
unit area, which will intensify the modification of surface morphol-
ogy. Moreover, decreasing the diameter of focal spot will increase the
energy density of single pulse; when we use a higher N. A. objective,
laser energy concentration will increase the surface roughness. Fig. 2
(c¢) shows the surface morphology induced by laser irradiation with
pulse energy and the scanning speed were 1.1 1 and 100 um/s, and
the laser pulses were focused via an 20x objective with N. A. = 0.45. In
a short, we can control the depth of surface microstructures for
different specifications and destinations.

When the intervals between the scanning lines closed to the
diameter of focal spot, the deposited energy intensity will be uneven
in y-axis direction. However, if the interval between scanning lines
was been chosen properly to ensure the fluctuations were confined
within a certain range, the processing efficiency will be improved
without surface microstructure deformation. Fig. 3(c) and Fig. 4(c)
show the surface microstructures formed by the laser beam scanning
at the speed of 100 um/s with interval of 8 um. The experimental
results revealed the microstructures in the irradiated region were
quasi-uniform, and the influence of surface morphology on larger
interval has arisen.

5. Conclusions

In summary, we have successfully prepared homogeneous
mesoporous structures on the surface of silicon wafers via femtosec-
ond laser pulses irradiation scanning with dimension of 1x1 mm?.
The morphologies of the surface structures can be controlled by
processing parameters. We analyze the dependence of surface
morphology on laser pulse energy, and believe the bacilliform
mesoporous structures only can be textured within a certain energy
range. The influences of the surface morphology on the processing
parameters have been discussed. After irradiation, the roughness and
the visible light absorption performances of the sample have been
modified significantly. Compared to other methods, femtosecond
laser irradiation has the advantages of single-step process, control-
lable morphologies and without chemical pollutions, which is
convenient to implement surface modification on various materials,
especially for the biological materials.
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