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Abstract Photoinduced multiple microchannels in the in-
terior of silicon produced by an 800-nm femtosecond
laser were observed. The multiple microchannels were
aligned spontaneously with a period along the propa-
gation direction of the laser beam, which could be at-
tributed to the interface spherical aberration induced due
to refractive-index mismatch. We also observed that the
depth of the photoinduced microchannels increased with
the increase of the laser power. The power dependence of
the depth of photoinduced microchannels in silicon was
different from that in transparent materials, which proba-
bly arose from the competition between self-focusing due
to the nonlinear Kerr effect and self-defocusing related to
the thermal accumulation in the process of laser irradia-
tion.

PACS 42.65.-k · 52.38.-r

1 Introduction

Silicon, as the most important material for the semiconduc-
tor industry, has a widespread application in electronic de-
vices and microelectromechanical systems. As one of the
most effective micromachining means, femtosecond laser
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interaction with silicon has been studied during the last few
years [1–3]. Most of the studies focused on high-precision
drilling and cutting for the fabrication of complex surface
patterns. There are few investigations to demonstrate the in-
terior fabrication of silicon using a femtosecond laser. This
is due to the fact that silicon is a strong absorber of the near-
infrared and visible-light regions, which makes it difficult to
induce and observe microstructures in the interior of silicon.

Nejadmalayeri et al. reported a buried waveguide in-
duced in silicon by a femtosecond laser at 2.4 μm, which
extends the ultra-fast three-dimensional modification tech-
nique to silicon [4]. Recently, we demonstrated photoin-
duced microstructures in the interior of silicon wafers using
an 800-nm femtosecond laser, which showed the possibility
of three-dimensional fabrication inside silicon using 800-nm
femtosecond laser pulses [5].

In this letter, we report on photoinduced multiple mi-
crochannels in the interior of silicon produced using a fem-
tosecond laser of 800-nm wavelength, which is in the ab-
sorption region of silicon. The multiple microchannels were
aligned spontaneously with a period along the propagation
direction of the laser beam, which phenomenon could be
attributed to the interface spherical aberration induced due
to refractive-index mismatch when a tightly focused laser
propagated through an interface of two different materials.
We also observed that the depth of the photoinduced mi-
crochannels increased with the increase of the laser power.
The power dependence of the depth of photoinduced mi-
crochannels in silicon was different from that in transpar-
ent materials, which probably arose from the competition
between self-focusing due to the nonlinear Kerr effect and
self-defocusing related to the thermal accumulation in the
process of laser irradiation.

mailto:jinhaisi@mail.xjtu.edu.cn
mailto:chenfeng@mail.xjtu.edu.cn


378 C. Li et al.

Fig. 1 Schematic setup for the fabrication of the photoinduced multi-
ple microchannels

2 Experiments

The thickness of the silicon wafer used in the experiment is
300 μm. A regeneratively amplified Ti:sapphire laser sys-
tem was used, which delivered pulses with duration of 30 fs,
center wavelength at 800 nm, and repetition rate of 1 kHz.
The laser beam was focused inside the silicon wafer by
a microscope objective. The energy of the incident pulses
could be continuously varied by a variable attenuator. A me-
chanical shutter was employed to control the access of the
laser beam. The silicon wafer was mounted on a computer-
controlled three-dimensional translation stage with a resolu-
tion of 0.04 μm.

Figure 1 shows the schematic setup for the fabrication of
multiple microchannels. A ×50 microscope objective with
numerical aperture of 0.50 was employed, which focused the
laser pulses below the surface of the silicon wafer. By trans-
lating the stage, damage lines were produced on the surface
of silicon. The silicon surface perpendicular to the scan di-
rection was polished at a random position and cleaned with
alcohol. We observed the photoinduced microchannels on
the polished surface through an optical microscope with a
×50 microscope objective using a CCD camera. Moreover,
the morphology of the end view of the photoinduced mi-
crochannels was characterized with scanning electron mi-
croscopy (SEM).

3 Results and discussion

First, we observed periodically aligned multiple microchan-
nels in the interior of silicon. Figure 2a, b, and c show op-
tical microscope photographs of the end view of photoin-
duced microchannels inside the silicon wafer, in which the
laser power was set at 1.0 mW, 1.5 mW, and 2.5 mW, respec-
tively. The laser beam was focused at a geometrical depth of
5 μm from the entrance surface and the scan velocity was set
at 15 μm/s. From Fig. 2, we can see that the number of the
photoinduced multiple microchannels increased with the in-
crease of laser average power. The photoinduced microchan-
nels have almost a circular cross-sectional shape, and the

Fig. 2 Optical microscope photographs of end view of the pho-
toinduced microchannels at different laser powers: (a) 1.0 mW,
(b) 1.5 mW, and (c) 2.5 mW. The SEM micrograph of the end view
of the photoinduced microchannel is shown in (d)

neighboring two voids are independent of each other. The
diameter of the microchannels is about 1 μm. The increase
of laser power has no obvious influence on the diameter of
the microchannels. For transparent glass materials, usually,
the continuity of the microchannels can be confirmed by in-
jecting water into the microchannels. For the opaque silicon
material, it is difficult to confirm the empty microchannels
by injecting water. In our experiments, the microchannels
shown above were observed by polishing the sample at a
random position, indicating that the microchannels have a
good level of continuity. Figure 2d illustrates a SEM micro-
graph of the end view of the photoinduced microchannels.
From Fig. 2d, we can see that the photoinduced microchan-
nel is a through-channel structure. The interior surface of the
microchannels is rough and there is some debris in the mi-
crochannels. The multiple microchannels can be produced
not only by using a ×50 microscope objective but also by
using a ×10 or ×20 microscope objective in our experi-
ments. The number of photoinduced microchannels can be
controlled not only by changing the laser power but also by
changing the scan velocity. Moreover, the depth of the pho-
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Fig. 3 Dependence of the depth of the photoinduced microchannels on
the laser power when the laser beam was focused at 15-μm geometrical
depth below the silicon surface and the laser scan velocity was set at
5 μm/s. The inset shows the photoinduced microchannel, where the
laser average power was set at 2.0 mW

toinduced microchannels can be controlled by varying the
laser power. To our knowledge, the femtosecond laser di-
rect writing of multiple microchannels inside silicon has not
been investigated in existing references; we expect that the
technology of photoinduced multiple microchannels inside
silicon can be applied in the fabrication of photonic crys-
tals, silicon microchannel plates, and microchannel heat ex-
changers.

To investigate the dependence of the depth of the pho-
toinduced microchannels on the laser power, we firstly
fabricated a single microchannel inside silicon by set-
ting suitable focal position and scan velocity. The exper-
imental results are shown in Fig. 3, in which the laser
power was set at 1.5 mW, 2.0 mW, 3.0 mW, 4.0 mW,
and 5.0 mW, respectively. The laser beam was focused at
15-μm geometrical depth below the silicon surface and
the laser scan velocity was set at 5 μm/s. The inset of
Fig. 3 shows the photoinduced microchannel at the laser
power of 2.0 mW. From the inset, we can see that a
black line appeared between the entrance surface and the
microchannel. The black line inside the wafer was at-
tributed to photoinduced refractive-index change [6, 7].
From Fig. 3, we can see that the depth of the microchan-
nels increased with the increase of the laser power. The
power dependence of the depth of the photoinduced mi-
crochannels in silicon was different from that in transpar-
ent materials [8]. When a femtosecond laser beam was fo-
cused in the silica sample, which was transparent to the
800-nm laser, due to the self-focusing related to the Kerr
effect, the depth of the focal point of the laser beam in-
side the silica sample was less than the geometrical focal
point, and decreased with the increase of the laser power.
When the 800-nm femtosecond laser beam was introduced

Fig. 4 Dependence of the depth of the photoinduced microchannels on
the laser scan velocity when the laser beam was focused at 15-μm geo-
metrical depth below the silicon surface and the laser average power
was set at 3 mW. The inset shows the photoinduced microchannel,
where the laser scan velocity was kept at 15 μm/s

into the silicon material, which was absorptive to the
800-nm laser, not only self-focusing, but self-defocusing
due to the thermal accumulation had also a significant in-
fluence on the focal-point position of the laser beam [9].
Therefore, the power dependence of the depth of the pho-
toinduced microchannels could be attributed to the compe-
tition between self-focusing and self-defocusing. With the
increase of the laser power, the thermal accumulation in-
creased and the influence of the self-defocusing effect on
the propagation of the laser beam became more and more
significant, which made the laser beam focus at a deeper
position in the silicon wafer.

To further understand the power dependence of the depth
of the photoinduced microchannels observed in silicon, we
also studied the dependence of the depth of the photoin-
duced microchannels on the scan velocity by changing the
scan velocity. The results are shown in Fig. 4, in which the
laser beam was focused at 15-μm geometrical depth below
the silicon surface and the laser average power was set at
2.5 mW. When the scan velocity was increased from 5 μm/s
to 15 μm/s, the depth of the photoinduced microchannels
decreased from 40 μm to 30 μm. From Fig. 4, we can see
that the depth of the photoinduced microchannels decreased
with the increase of the laser scan velocity. The increase of
scan velocity means that the number of laser pulses irradi-
ated at the same position of the wafer decreased. For the
slower scan velocity, more laser pulses penetrated silicon,
and self-defocusing due to thermal accumulation became
more significant, which weakened the self-focusing of the
laser beam and made the position of the focal point deepen.
Therefore, the experimental results demonstrated that the
thermal accumulation has an influence on the depth of the
photoinduced microchannels, which is consistent with the
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results about the power dependence of the depth of the pho-
toinduced microchannels.

According to the results described above, we can con-
clude that the depth of the photoinduced microchannels can
be controlled by changing laser power or laser scan velocity.
When the laser power exceeds a critical power, the multiple
microchannels can be produced.

The formation of the microchannels could be explained
with the micro-explosion model [10, 11]. The laser pulses
created high-density electronic plasma in the focal volume,
which transferred its excess energy to the lattice. The fo-
cal volume was heated to a high temperature. The rise in
temperature at a constant volume caused immense pressures
and the pressures forced material from the center of the ex-
plosion outside. During cooling, the material did not anneal
and a denser phase was frozen in. Therefore, a cavity, sur-
rounded by a region of denser material, was formed in the
micro-explosion, and some debris was deposited in the mi-
crochannels. In addition, some models such as the standing
electron plasma wave mechanism [12], multiple refocusing
[13], and the spherical aberration effect [14] were proposed
to explain the generation of periodic voids induced in trans-
parent materials. However, the spherical aberration effect
is commonly considered to be the main mechanism of the
formation of the periodic voids in glass [15, 16]. The laser
beam was focused by the microscope objective across the
air–silicon interface into the silicon. Due to the refractive-
index difference between air and silicon, such index mis-
match at the air–silicon interface may deflect the laser light
and make the focusing depth shift. For transparent materi-
als such as glass, photoinduced multiple microchannels pro-
duced due to the spherical aberration effect could usually be
induced at depths of more than 100 μm away from the en-
trance surface using a higher numerical aperture microscope
objective [14]. In addition, when the pulse energy was high
enough, the Kerr self-focusing effect also has an influence
on the position of multiple microchannel onset in the in-
teraction process, which makes the position of the multiple
microchannel onset move towards the entrance surface of
the sample [17]. Our experiments show that multiple mi-
crochannels in silicon could be induced at the depths of less
than 50 μm away from the entrance surface using a ×50 mi-
croscope objective. Compared with glass, the smaller depth
of the photoinduced multiple microchannels in silicon can
probably be attributed to the higher refractive index of sil-
icon and the strong absorption at 800 nm. The absorption
of silicon at 800 nm restricts the formation of photoinduced
multiple microchannels at deeper positions. Therefore, we
suggest that for the formation of multiple photoinduced mi-
crochannels in silicon, the interface spherical aberration ef-
fect induced by the air–silicon interface plays an impor-
tant role in the nonlinear interaction between the tightly
focused laser pulse and the sample. To our knowledge,

up to now, photoinduced multiple microchannels were ob-
served almost always in transparent materials, such as glass
[18–21]. We have observed photoinduced multiple mi-
crochannels in the interior of silicon using a femtosecond
laser of 800-nm wavelength, which is in the absorption re-
gion of silicon.

4 Conclusions

In conclusion, periodically aligned multiple microchannels
have been fabricated inside silicon by using a femtosec-
ond laser. The multiple microchannels were aligned spon-
taneously with a period along the propagation direction of
the laser beam. The dependences of the depth of the pho-
toinduced microchannels on laser power and scan velocity
were also studied.
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