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Using 800-nm femtosecond laser irradiation, progressive evolution of the silicon surface microstruc-
tures has been demonstrated. Via the variation of laser irradiation parameters, four kinds of
microstructures, such as: well-defined and clean nano-ripples, obscured nano-ripples with nano-
protrusions and nano-holes, micro-spikes with nano-holes, and separated micro-spikes, have
been produced. The morphology and chemical compositions of these microstructures have been
characterized by a scanning electronic microscopy equipped with an energy dispersive x-ray
spectroscopy. The formation and evolution mechanism of these microstructures have been system-
atically discussed. Meanwhile, the incorporation mechanism of foreign oxygen species into silicon
materials has also been discussed on the basis of the femtosecond laser induced trapping effect of the
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1. Introduction

Crystalline silicon (c-Si) material, which is of great importance
in the field of semiconductor industry, has a great amount of
applications in silicon devices, such as: photovoltaic cells [1-3],
optoelectronic detectors [4,5], micro-electromechanical systems
[6,7] and so on. Meanwhile, femtosecond laser microfabrication,
which has proved to be an effective technology for producing vari-
ous micro/nano structures on/in different kinds of materials [8-10],
has attracted considerable research attentions.

Recently, femtosecond laser microfabrication has been widely
applied to microstructure silicon material under different envi-
ronments and laser irradiation parameters [11-13], and various
kinds of surface micro/nano structures, such as: periodical nano-
ripples [14-16], micro-spikes [17-19], micro-grooves [20-22],
micro-craters [13]| and so on, have been produced. Due to the
improvement of the electrical, optical and wetting properties, these
microstructures could find some potential and practical appli-
cations in silicon photovoltaic cells [23-25], superhydrophobic
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surfaces [26,27], and so on. However, in the present reports, most
of the silicon surface microstructures were fabricated via single
or multiple pulses irradiation on fixed position of the substrates
[28-31]. This makes the area of the fabricated microstructures be
restricted to a small scale of a laser spot size, which would limit the
applications of these microstructures. Meanwhile, as an effective
mean for the fabrication of large area (A) microstructures, line by
line scanning was usually adopted, however, there have been few
reports on the progressive evolution of silicon surface microstruc-
tures produced by this mean. Based on this, we predict that the
progressive evolution of silicon microstructures via the meaning
of line by line scanning would provide useful reference for the
fabrication of microstructures with large area. Moreover, the chem-
ical composition of silicon microstructures is of great importance
for the applications, incorporation of foreign species would influ-
ence the integration property of silicon wafers to other devices, but
there have been few reports on this topic. Therefore, the chemical
compositions of the silicon microstructures need to be confirmed.

In this paper, the progressive evolution of femtosecond laser
induced silicon surface microstructures with large area, which was
achieved by the mean of line by line scanning, was demonstrated.
The morphology and chemical compositions of these structures
were characterized by a scanning electronic microscopy (SEM)
equipped with an energy dispersive x-ray spectroscopy (EDX),
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Fig. 1. (Color online) Technological process for fabrication of silicon surface
microstructures. (a) Laser irradiation; (b) Ultrasonic cleaning.

respectively. By controlling the laser energy accumulated on the
silicon substrates, four classical kinds of surface microstructures,
which could be called as: well-defined and clean nano-ripples,
obscured nano-ripples with nano-protrusions and nano-holes,
micro-spikes with nano-holes, and separate micro-spikes, were
produced. The formation and evolution mechanism of these struc-
tures were systematically discussed. Furthermore, according to the
results from EDX measurement, foreign oxygen species was incor-
porated into silicon material, and the incorporation mechanism of
foreign oxygen species was discussed on the basis of the femtosec-
ond laser induced trapping effect of dangling bonds.

2. Experimental details

The technological process for the fabrication of silicon surface
microstructures could be divided chronologically to two steps,
which have been illustrated in Fig. 1.

2.1. Laser irradiation

Prior to the femtosecond laser irradiation, in order to eliminate
the influence of the surrounding or covering contaminations on the
laser irradiation, the single polished p-type silicon wafers, with the
orientation of (100), the thickness of 300 wm, were rinsed in an
ultrasonic cleaner with acetone, ethanol, and de-ionized water for
10 min, respectively.

Then these clean silicon wafers were mounted horizontally onto
a computer controlled three dimensional (3D) translation stage
(Pro Scan II™) with a step resolution of 40 nm at x, y, z direc-
tions, respectively. An amplified Ti: sapphire femtosecond laser
system (Coherent Inc., U.S.A.), which delivered laser pulses with
50-fs pulse duration, 800-nm central wavelength, and 1-kHz rep-
etition rate, was employed as the light source in our experiments.
The intensity distribution of laser beam was Gaussian-type. The
laser average power (P) could be continuously varied by rotating
a variable neutral density filter (NDF), and the access of the laser
beam was controlled via a mechanical shutter connected to the
computer. The horizontally polarized femtosecond laser beam was
focused perpendicularly onto silicon wafers by a microscope objec-
tive lens (NA=0.15, 5x, Nikon), the size of the laser spot (D =30 pwm)
was determined by measuring the diameter of the photoinduced
craters via a single laser pulse irradiation on the substrate, and
then the laser average fluence (F) was calculated by the formula
F = —L_ here fis the repetition rate of the incident laser. The

rr2)
laser scanning direction, which has been illustrated as blue arrow
line in Fig. 1(a), was parallel to the polarization direction of the
incident laser. The laser scanning velocity (v), the scanning length
(L), the distance between two adjacent scanning lines (Ad) and the
number of scanning lines (N) could be set via the software equipped
with the 3D translation stage. A charge coupled device (CCD)

camera, which was connected with the computer, was used to
monitor the laser irradiation process online. Meanwhile, the whole
femtosecond laser irradiation process was conducted in ambient
air, with the temperature and humidity of 25°C and 45%, respec-
tively.

2.2. Ultrasonic cleaning

After femtosecond laser irradiation, all the silicon wafers were
rinsed in an ultrasonic cleaner with acetone, ethanol, and de-
ionized water for 15 min, respectively. During ultrasonic shocking
process, the temperature of surrounding liquid raised from 25°C
to 40°C, and the laser ablation induced debris escaped from silicon
surface to surrounding liquids. This would be beneficial to reduce
or avoid the influences of the laser ablation induced debris on the
morphology and chemical composition of the microstructures.

2.3. Characterization of microstructures

After ultrasonic cleaning, all the irradiated silicon wafers were
placed in a fume hood for 30 min until they were dry. Then the
morphology and chemical compositions of the silicon-based sur-
face microstructures were characterized by a scanning electronic
microscopy (SEM, FEI Quanta 250 FEG Serials) equipped with
an energy dispersive X-ray spectroscopy (EDS, TEAM™ Serials),
respectively.

3. Results and discussion

3.1. Microstructure evolution under different laser average
fluences

Fig. 2 illustrates the progressive evolution of the femtosec-
ond laser induced silicon surface microstructures under different
laser average fluences (F). The laser irradiation parameters
were: NA=0.15, 5x, v=800wms~!, L=15cm, Ad=10um, A
=1.5cm x 1.5cm, N=1500, F=0.21Jcm~2, 0.35] cm~2, 0.48 ] cm~2,
0.63]Jcm—2,0.76]cm~2,0.90] cm 2.

It can be seen from Fig. 2 that the silicon surface microstructures
undergo successive evolutions with the increase of laser average
fluence. Four kinds of structures, which could be called as: well-
defined and clean nano-ripples (Fig. 2(a)), obscured nano-ripples
with nano-protrusions and nano-holes (Fig. 2(b) and Fig. 2(c)),
micro-spikes surrounding with nano-holes (Fig. 2(d)), and sepa-
rate micro-spikes (Fig. 2(e) and Fig. 2(f)), have been produced on
silicon surface.

When the laser average fluence was 0.21 ) cm~2, which was close
to the ablation threshold of the silicon material, well-defined and
clean nano-ripples were produced. It can be seen from Fig. 2(a) that
these nano-ripples, with the orientation perpendicular to the direc-
tion of the incident laser polarization, have a period (A) of about
600-700 nm. This is in well accordance with the present literatures
[32-35]. As for the formation mechanism of these nano-ripples,
the interference between the incident laser and the laser induced
surface plasmons is reasonable. When the femtosecond laser with
high intensity irradiated onto the silicon substrates, there would be
plenty of surface plasmas came into being, and the surface plasma
wave would interfere with the incident femtosecond laser, then
the laser energy accumulated on the silicon surface would be peri-
odically modulated. This would result in periodically modulated
ablation to silicon surface. Therefore, the periodical nano-ripples
formed.

When the laser average fluence was 0.35]cm~2-0.48]cm~2,
which was slightly higher than the ablation threshold of silicon
material, obscured nano-ripples were produced. It can be seen
from Fig. 2(b) and (c) that these nano-ripples were covered or
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Fig. 2. Progressive evolution of silicon surface microstructures under different laser average fluences. (a) 0.21]Jcm~2; (b) 0.35]Jcm2; (c) 0.48] cm~2; (d) 0.63]cm~2; (e)

0.76]cm~2; (f) 0.90] cm2.

surrounded by some nano-protrusions and nano-holes, and this
makes the nano-ripples look obscured. The formation mechanism
of these obscured nano-ripples could also be explained by the mod-
ulation ablation of the incident femtosecond laser pulses. Since
the laser average fluence was slightly higher that the ablation
threshold of silicon material, original well-defined and clean nano-
ripples would be induced during the first few preceding laser pulses
irradiation, subsequent laser energy accumulated on the silicon
surface would be modulated by the coarse silicon surface cov-
ered with these obscured nano-ripples. More exactly speaking,
the incident laser fluence accumulated on the silicon substrate
was non-uniform. This would make some melt silicon materials
be formed on the nano-ripples, and these melt silicon materi-
als were not stable, they would flow under the interaction of
the surface tension. Then some nano-protrusions with the scale
of 600nm-700nm formed on the ripples, and several random
nano-holes with the scale of 200 nm-300 nm formed between two
adjacent nano-ripples.

When the laser average fluence was 0.63]cm~2, which was
much higher than the ablation threshold of silicon material, micro-
spikes with the scale of about 1 um were produced. It can be seen
from Fig. 2(d) that these micro-spikes were surrounding with some
nano-holes, and the nano-ripples as those shown in Fig. 2(b) and
(c) disappeared. The formation mechanism of these micro-spikes
could be well explained with the schematic illustration in Fig. 3.
Since the laser fluence was much higher than the ablation threshold
of silicon material, the first few preceding laser pulses irradiation

Incident laser

Fig. 3. (Color online) Schematic illustration for the formation mechanism of micro-
spikes on silicon surface.

would make the nano-ripples with nano-protrusions and nano-
holes be produced. The existence of these nano-protrusions and
nano-holes were beneficial to the subsequent laser pulses being
coupled deeper into the silicon material. It can be seen from
Fig. 3 that the incident laser pulses were reflected by these pro-
trusions. The smaller the corner angle of the micro-spikes, the
more and the deeper the laser energy coupled into the silicon
material.

When the incident laser average fluence was
0.76]cm~2-0.90] cm~2, separate micro-spikes were produced,
as shown in Fig. 2(e) and (f). The formation mechanism of the
separated micro-spikes has been stated on the related references.
Under the irradiation of higher laser average fluence, more and
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Fig. 4. Progressive evolution of silicon surface microstructures under different laser scanning velocities. (a) 2000 pms~!; (b) 1600 pms~" (c) 1200 pms~'; (d) 800 pms~';

(e) 400 wms~1, (f) 100 pms-1.

more laser energy were coupled onto silicon material. This makes
more material between adjacent protrusions transform from
solid state to liquid state. That was to say, the silicon material
melt. And then the nucleation of the liquid silicon occurred at the
gas-solid interface, which resulted in the formation of separate
micro-spikes. This effect has been reported as solidification driven
extrusion [36-38]. Furthermore, it can be seen from Fig. 2(e) and
(f) that the top shape of these micro-spikes was ellipse, and the
orientation of the long axis of the ellipse was the same as that of the
nano-ripples formed under small laser fluence, which indicated
that these micro-spikes grew from the original nano-ripples.

3.2. Microstructure evolution under different laser scanning
velocities

Fig. 4 illustrates the progressive evolution of the femtosec-
ond laser induced silicon surface microstructures under different
laser scanning velocities (v). The laser irradiation parameters
were: NA=0.15, 5x, L=1.5cm, Ad=10pum, A=1.5cm x 1.5cm, N
=1500,F=0.92] cm~2,v=2000 pms-!,1600 ums~!,1200 pms-1,
800 wms~1, 400 ums~1, 100 wms—1.

It can be seen from Fig. 4 that the silicon surface microstruc-
tures under different laser scanning velocities show the same
variations as those under different laser average fluences. When
the laser scanning velocity was ranged from 1600 ums~! to
2000 pwms~!, well-defined and clean nano-ripples with a period
of 600 nm-700 nm, as shown in Fig. 4(a) and Fig. 4(b), were pro-
duced. When the laser scanning velocity decreased to 1200 ums~1,
obscured nano-ripples with nano-protrusions and nano-holes, as

shown in Fig. 4(c), came into being. When the laser scanning
velocity further decreased to 800 wm s, micro-spikes with nano-
holes, as shown in Fig. 4(d), were fabricated. When the laser
scanning velocity was 400 um s~1, separate micro-spikes, as shown
in Fig. 4(e), formed on the silicon surface. This evolution could be
well understood by the laser energy accumulated on silicon surface
modulated by the laser scanning velocities. Under the same laser
average fluence, the larger the laser scanning velocity, the smaller
the laser energy accumulated on the silicon surface, therefore, the
well-defined and clean nano-ripples were produced at higher laser
scanning velocity, while the separate micro-spikes were produced
atlower laser scanning velocity. However, the laser scanning veloc-
ity should be well controlled within a certain range; otherwise
the structures would be dramatically destroyed due to the over-
accumulation of the laser energy on silicon surface, as shown in
Fig. 4(f).

These silicon microstructures, especially the separate micro-
spikes with large area, would find some potential applications in
silicon devices due to the improvements of optical and wetting
properties. For example, the absorption and luminescence of sil-
icon material would be greatly enhanced thanks to the existence
of micro-spikes; therefore, this silicon material has been usually
called as “black silicon”. This would be beneficial to the fabrica-
tion of silicon-based photovoltaic cells [23-25], optoelectronics
detectors [39-41] and luminescence devices [42,43]. Meanwhile,
the hydrophobicity of the silicon surface with these micro-spikes
would be greatly improved due to the contact angle increase to
over 150°. This makes “black silicon” a good candidate for super-
hydrophobic microstructures.
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Fig. 5. (Color online) Chemical composition analysis of the silicon micro-spikes. (a) Morphology of the micro-spikes at the silicon surface; (b) Morphology of the micro-spikes
at the angle of 45° from the silicon surface; (c) Enlarged morphology of the zone marked in (b); (d) Atomic percentage of silicon and oxygen species.

It should be noted that the evolution of these silicon microstruc-
tures with large area were achieved by the mean of line by line
scanning. In present reports [28-31], most of the femtosecond
laser induced evolution of surface microstructures were accom-
plished by the mean of single or multiple pulses irradiation on
fixed position; this was not beneficial to the fabrication of sili-
con microstructures with large area. Therefore, the mean of line
by line scanning adopted here would provide useful reference for
the fabrication of silicon microstructures with large area.

In the above sections, the formation and evolution mechanism of
the silicon surface microstructures have been discussed. In the fol-
lowing section, the chemical compositions of the microstructures
were analyzed, and the incorporation mechanism of the foreign
oxygen (O) species into the interior of silicon material will be
discussed.

3.3. Incorporation mechanism of oxygen species into silicon
material

Fig. 5 illustrates the chemical compositions of the silicon sur-
face micro-spikes. The laser irradiation parameters were: NA=0.15,
5x, Uv=800pms~!, L=15cm, Ad=10wm, A=1.5cmx 1.5cm,
N=1500, F=0.90Jcm=2. The parameters of EDX measure-
ment were: accelerating voltage Vac=2.5kV, emission current
I1=91 mA, working distance D=21.6mm, and vacuum pressure
P=5.0 x 104 Pa.

During the process of chemical compositions analysis, points A
and B (marked out in Fig. 5(c)) on the micro-spike were selected as
the analysis points. It can be seen from Fig. 5(d) that the main chem-
ical compositions of the femtosecond laser induced micro-spike
were silicon and oxygen species. At point A, the atomic percent-
age of silicon species was 81.72% and that of oxygen species was
18.28%, with the error limit of 8.76% and 4.23% respectively; at
point B, the atomic percentage of silicon species was 94.34% and
that of oxygen species was 5.66%, with the error limit of 9.42% and
2.39%, respectively. These results from EDX measurements indi-
cated that the foreign oxygen species were incorporated into silicon
material during femtosecond laser irradiation in ambient air. As for

the incorporation mechanism of oxygen species into silicon mate-
rial, we employed the femtosecond laser induced trapping effect of
dangling bonds to explain it [43,44]. When the femtosecond laser
pulses with high fluence irradiated the silicon materials in ambient
air, there would be two kinds of phenomenon appear simultane-
ously. Firstly, under the irradiation of the incident laser pulses,
some defects would be induced in silicon materials, and some sili-
con materials transformed from crystal silicon (c-Si) to amorphous
silicon (a-Si). That was to say, original crystal structure of silicon
was destroyed, and the bonds between two adjacent silicon atoms
was broken, then the dangling bonds appeared in silicon materi-
als. Secondly, under the irradiation of the incident laser pulses, the
oxygen in ambient air was photoionized, and there were much oxy-
gen ions surrounding the silicon materials at the laser irradiation
zones. Since the dangling bonds have the capacity of trapping the
surrounding oxygen atoms, foreign oxygen species was incorpo-
rated into the silicon materials, and these oxygen atoms exist in
silicon materials in the form of silicon oxides. As far as we inves-
tigated, the incorporated oxygen species in silicon material would
influence the integration of silicon-based chips with other devices;
therefore, the results demonstrated here indicated that some post-
treatments for the silicon microstructures would be necessary for
the elimination of foreign oxygen species, and the related works
have been reported [45].

4. Conclusions

In conclusions, the progressive evolution of femtosecond laser
induced silicon surface microstructures, such as: well-defined and
clean nano-ripples, obscured nano-ripples with nano-protrusions
and nano-holes, micro-spikes with nano-holes, and separated
micro-spikes, have been demonstrated under different laser aver-
age fluences and laser scanning velocities, respectively. The
formation and evolution mechanism of these microstructures was
assigned to the modulated laser ablation. Moreover, the chem-
ical compositions of the silicon surface micro-spikes have been
analyzed, and the incorporation mechanism of foreign oxygen
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species into silicon material was attributed to the femtosecond
laser induced trapping effect of the dangling bonds.
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