
Optica Applicata, Vol. XLI, No. 3, 2011

Evolution of microstructures on silicon 
induced by femtosecond laser with multiple pulses 
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The effect of multiple pulses of Ti:sapphire femtosecond laser system on silicon wafer was
investigated. Using the pulse energy exceed the threshold of silicon to investigate the evolvement
of structures and found that exceed certain fluence no any periodic structure will appearance. For
1.91 J/cm2, the pattern of columnar structure was formed in the central region of irradiation area.
In further experiment, using the subthreshold multiple pulse femtosecond laser irradiation of
0.91 J/cm2, the periodic ripple structures and nanohole array were presented in the whole
irradiation area due to the incubation effection. Also, we obtained the threshold of nanohole array
to be higher than that of the periodic ripple structures. 
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1. Introduction 
Nanostructuring of a variety of materials is gaining widespread importance owing to
ever increasing applications of nanostructures in numerous fields. Silicon is an impor-
tant material in the semiconductor industry and useful for microelectromechanical
system (MEMS) devices. The laser processing of silicon has received significant
attention in the last several decades because of its potential in a micromachining
application. Laser-induced surface structuring in silicon has been extensively studied
[1–5]. Compared to the long-pulse laser [6, 7], ultrashort pulsed laser radiation has
been shown to be highly effective for precision material processing and surface
micromodification due to minimal thermal and mechanical damage in various
materials; in addition to these advantages, periodic nanostructures were self-organized
in the femtosecond laser irradiated area [8–10]. Recently, the formation of micro-
structures (ripples, columns, and cones) on Si samples in the case of multiple pulse
irradiations on stationary samples has been reported by several research groups [11].
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Ripples or, in general, laser-induced periodic surface structures (LIPSS) have been
observed substantially near the ablation threshold. Several mechanisms for the forma-
tion of ripples have been proposed, the acoustic wave mechanism [12, 13], surface
tension gradient [14], interference between the incident light/surface wave and
the boson condensation hypothesis [15]. The theory of interference between the inci-
dent light/surface wave was the most popular mechanism to interpret the formation of
the periodic ripple structures [16]. The dependence of spacing of periodic ripples
Λ = λ /(1 ± sinθ ) has been found, where the plus and the minus refer to the downwards
and upwards running surface wave on the inclined surface and the θ  is the angle of
incidence laser. Usually, LIPSS shows a regular groove structure with the period
of incidence laser wavelength scale and the orientation of ripples is perpendicular to
the polarization of the incident light. However, it was reported recently that
nanostructures with period much shorter than the laser wavelength were formed on
sample surfaces after irradiation with femtosecond laser pulses [17–19]. 

In this paper, we perform a detailed study of surface structures produced by
femtosecond laser treatment of silicon surfaces. In order to investigate the dependence
of the nanostructures on the number of the laser pulses and the pulse energy, a sili-
con (100) plate was irradiated by the femtosecond laser in the range of 1 to 1000 pulse,
with the fluence in the range of 0.5–4 J/cm2. New characteristics on the morphologies
of silicon, such as a laser-induced periodic structure and the array holes were discussed.

2. Experimental setup
A global scheme is depicted in Fig. 1. In this experiment, we use an amplified
Ti:sapphire laser system based on the chirped pulse amplification technique that
generates 130 fs laser pulses at a 1 kHz repetition rate and with a central wavelength
λ = 800 nm. The spatial profile of the beam is nearly Gaussian. The laser is running
at a repetition rate of f = 1 kHz. The energy output was continuously controlled by
an energy attenuator. A power meter is used to measure the average power of the pulses
generated. Using a delay generator (Stanford Research, DG535) to control the interval
time of femtosecond laser, then the number of pulses can be controlled accurately, we
selected a predefined number N of pulses per spot (1, 10, 50, 200, 1000). The laser
beam was focused on the surface of the specimen which was mounted on a computer-
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Fig. 1. Schematic diagram of the experimental setup.
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-controlled x–y translation stage with a fused silica lens with 200-mm focal length.
The silicon wafer, with a thickness of 400 μm, was subjected to different pulse fluences
and different pulse number. All experiments were performed in air at normal incidence.
The morphology of the periodic structures produced was examined using a scanning
electron microscope (SEM) without further treatment.

3. Results and discussion
For a Gaussian spatial beam profile with a 1/e2 beam radius ω0 being about 21.2 μm,
which we had reported previously [20], the maximum laser fluence at the cross-section-
al surface φ0 is proportional to the incident laser pulse energy E which could be
obtained as the following equation φ0= 2E /  In this experiment, the pulse energies
were: 70 μJ, 135 μJ, 200 μJ, 240 μJ, 325 μJ, with the respective fluence being
0.9 J/cm2, 1.91 J/cm2, 2.84 J/cm2, 3.4 J/cm2, 4.51 J/cm2. COYNE et al. [21] analyzed
the interaction of ultrashort pulses with wafer-grade silicon in air using an optical and
electron microscope and suggested that the optimum fluence condition for precise and
accurate machining of silicon is in the range of 0.8–1.5 J/cm2. 

Figure 2 shows the microphotographs of structure in the irradiation area at the pulse
number of one with different pulse fluence. Images have been taken directly after
processing without further cleaning. For a single laser pulse, surface damage
morphology could be detected when the processed region was observed under SEM,
it is due to the pulse energy exceeding the threshold of the silicon. As Fig. 2a
shows, the irradiation area could be divided into three regions which was coincident
with the energy distribution of Gauss pulse. Compared to Fig. 2a, with an increase of
the pulse fluence, the ablated area was larger than the previous ones, as shown in
Figs. 2b–2d. Figure 2e was the image of the silicon surface without any radiation.

πω0
2.

Fig. 2. SEM micrographs of the irradiation area at the pulse number of one with different pulse fluence,
1.91 J/cm2 (a), 2.84 J/cm2 (b), 3.4 J/cm2 (c), 4.51 J/cm2 (d), the surface of silicon unirradiated with laser
pulse (e), magnified microstructure of central irradiation area of d (f ).
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Figure 2f was the magnified microstructure of central irradiation area of Fig. 2d.
It is obvious that there was a raindrop-like structure in region I and not any periodic
characteristic. 

Figure 3 shows SEM micrographs of the irradiation area at the pulse number of
10, 50, 200, 1000 with different pulse fluence of 1.91 J/cm2, 2.84 J/cm2, 3.4 J/cm2,
4.51 J/cm2, respectively. Along the level axes, the evolution of the structure depending
on the pulse energy was obvious when with a fixed pulse number. Along the perpen-
dicularity axes, it is the evolution of the structure as a function of the pulse number
with pulse energy unvaried. Along the perpendicularity axes, the first list of Fig. 3 was

I
II

50 μm 50 μm 50 μm50 μm

a b c d

1.91 J/cm2

N
 =

 1
0

N
 =

 5
0

N
 =

 2
00

N
 =

 1
00

0

2.84 J/cm2 3.4 J/cm2 4.51 J/cm2

50 μm 50 μm 50 μm50 μm

50 μm 50 μm 50 μm50 μm

50 μm 50 μm 50 μm50 μm

e f g h

i j k l

m n o p

III

I
II

III

I

IIIII

I
II III IV

I

Fig. 3. SEM micrographs of the irradiation area at the pulse number of 10, 50, 200, 1000 with different
pulse fluence of 1.91 J/cm2, 2.84 J/cm2, 3.4 J/cm2, 4.51 J/cm2, respectively.
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obtained with pulse fluence of 1.91 J/cm2 and the pulse number was 10, 50, 200, 1000.
It is obvious that with an increase of the pulse number the structure in the radiation
area was varied. As Figs. 3i and 3m show, in region I, the columnar structure was
formed. Column formation in crystalline silicon was observed in the past with different
pulse duration, laser fluence, and ambient environment. 

In recent work [22] on femtosecond laser with crystalline silicon, sharp spikes were
observed when the material was irradiated in SF6 or Cl2 environment but not in
vacuum, N2 or He. The chemical reactions were suggested to be essential for formation
of sharp spikes [22]. In region II of Fig. 3i, at the periphery there were many periodic
ridge structures covered with periodic ripple structures. When increasing the pulse
number to 1000, the structure of region II was more evident, and region IV produced
oxidation and crack, as Fig. 3m shows. It is obvious that the area of region I was
enhanced with decreasing the area of region II when the pulse energy or pulse number
was increased as shown in Fig. 3. It is interesting that with increasing the pulse number
the evolution of the structures occurred. However, with increasing the pulse fluence
and keeping the pulse number constant, the structure in the central area of radiation
was ablated gradually. The surface damage in Fig. 3 at different pulse fluences shows
the incubation effect, i.e., accumulation of energy, in material when irradiated with
multiple pulses. This effect was observed in many materials for nanosecond,
picosecond and femtosecond lasers [23–25]. JHEE et al. [26] observed this incubation
effect on silicon irradiated with picosecond laser pulses. They suggested that damage
precursors by multiple pulses were due to the long-lived excitations or accumulation
of permanent states. They showed that there existed a multiple pulse damage threshold
or fatigue limit below which no damage was supposed to occur even at an infinite
number of laser pulses. In our experiment, the fluence exceeded the threshold of
the silicon, with the incubation effect, there were no classical ripple structures (LIPSSs)
in the radiation area. Also, with the pulse fluence exceeding 3.4 J/cm2, regardless of
the pulse number, there were not any periodic structures in the radiation area as shown
in Figs. 3c, 3g, 3k, 3o and 3d, 3h, 3l, 3p. 

Figure 4 shows the SEM micrographs of the irradiation area at the laser fluence of
0.91 J/cm2 with different pulse number. In this experiment, the pulse energy was less
than the threshold. For a single pulse, we did not observe any surface damage in
the processed region on the silicon surface using SEM. Due to the incubation effect,
with an increase in the pulse number to 100, there is a periodicity parallel ripple
structure covered with nanohole array, which can be seen in Fig. 4a and the magni-
fied image Fig. 4h of Fig. 4a. With increasing the pulse number, in the centre of
the radiation area, the nanohole structures became more evident, and at the same time,
the ripple structure disappeared gradually. These results indicate that the threshold
of the laser fluence for the parallel periodic ripple structures formation was lower than
that for periodic array nanoholes. With the classical theory of ripple formation [16]
a good accuracy is achieved in forecasting periodic ripple structures formation. LIPSSs
could be very simply interpreted as being produced by the interference between



732 D.Q. YUAN et al.

the refracted radiation and the scattered waves parallel to the surface propagating in
opposite direction. However, this theory cannot be applied in our case for results of
nanohole array structures. Although there are many theories which explain how nano-
structures are induced with ulrashort pulses, the formation mechanism of periodic
nanhole has not been elucidated yet.

4. Conclusions

In this paper, we investigated the femtosecond laser-produced microstructures on
the silicon surface. We studied the effect of pulse energy and pulse number on
the formation of microstructure. Using the pulse energy exceeding the threshold of
silicon to investigate the evolvement of structures we found that exceeding certain
fluence no any periodic structure was present. For 1.91 J/cm2, the pattern of columnar
structure was formed in the central region of irradiation area. With further experiment,
using the subthreshold multiple pulse femtosecond laser irradiation of 0.91 J/cm2,
the periodic ripple structures and nanohole array were presented in the whole
irradiation area due to the incubation effection. Also, we have found that the threshold
of nanohole array was higher than that of the periodic ripple structures. This is
favorable for the formation of a certain kind of nanostructures.
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Fig. 4. SEM micrographs of the irradiation area at the laser fluence of 0.91 J/cm2 with different pulse
number 100 (a), 200 (b), 400 (c), 600 (d), 800 (e), 1000 (f ); the magnified image of f (g); the magnified
image of a (h).
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