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Abstract. The temporal shaping femtosecond (fs) laser is realized by dividing a fs laser pulse
into two identical sub-pulses. The double-pulse fs laser can be used to effectively control the
initial free electron state such as electron temperature, capacity and density, etc. to improve the
surface morphology quality. In this experiment, silicon was fabricated using the double-pulse
fs laser. It was found that the average diameter of ablated micro- or nanoholes decreases with
the increasing pulse delay (up to 1.5 ps) under the same laser fluence and the phenomenon was
explained quantitatively by the plasma model. Furthermore, nanoholes were achieved using the
double-pulse fs laser, which cannot be obtained by single pulse laser, and the processing size
can be reduced to below 200 nm.

1. Introduction

Depending on unique processing advantages compared to other special processing techniques such as
electron beam machining [1], focused ion beam machining [2], and photolithography [3], etc.
femtosecond (fs) laser beam machining is an irreplaceable technique in the micro- and nanofabrication
field. Due to ultrahigh peak power and ultrashort pulse duration, fs laser processing can be regarded as
a ‘cold” processing. Meanwhile, relying on its non-linear effect [4], fs laser can process any difficult-
to-machine material including metal, dielectric and semiconductor, etc. In addition, it is simple to
operate, low-cost and can realize three-dimension processing. Because of ultrashort pulse duration of
fs laser, only the free electron states such as free electron capacity, temperature and density, etc. can be
affected during the laser irradiation [5]. The double-pulse fs laser can control these properties of free
electron by adjusting the laser pulse delay [6]. Furthermore, the subsequent physical processes can be
affected and the processing quality can be optimized.

Fs laser temporal shaping technique can be applied in various fields of laser processing. In terms of
laser modification [7], the absorption rate of fs laser can be improved using the double-pulse fs laser
under the same laser fluence. Then the increased absorption rate leads to the formation of more 3-
membered ring structures inside fused silica. Based on more 3-membered ring structures, laser-
irradiated fused silica is easier to be etched by HF acid and the etching efficiency is greatly improved.
In the laser ablation field, the fs laser pulse sequence can be achieved through pulse shaper, and the
ionization process of material is changed by the fs laser pulse sequence. Using the fs laser pulse
sequence, a high depth-diameter ratio microhole can be processed on the sapphire substrate, which
cannot be achieved by an ordinary Gaussian-like single pulse [8].

In this paper, the temporal shaping [9] was realized by dividing a fs Gaussian-like single pulse into
two identical sub-pulses with the same fluence. As a semiconductor, silicon is widely applied in the
electronic information field. The double-pulse fs laser was used to process the crystal <111> silicon in
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this experiment. By changing the pulse delay to control laser-material interaction process, the surface
morphology of silicon can be optimized. Compared to the single pulse, it was found that the average
diameter of microholes processed by the double pulses is smaller than the single pulse and the
diameter became smaller with the increasing pulse delay under the same laser fluence. Using the
critical free electron density as the laser ablation criterion [10], the change of laser ablation threshold
was predicted by the plasma model [5]. Furthermore, we found that double pulses can achieve more
precise machining which cannot be completed under the single pulse, and the diameter of holes can be
reduced to below 200 nm.

2. Experimental section

A commercial Spectra Physics Spitfire laser with a central wavelength of 800 nm and a pulse delay of
35 fs was used to ablate the crystal <111> silicon. A single pulse fs laser was divided into two
identical sub-pulses with an energy ratio of 1:1 through the beam splitter. The optical path difference
of two sub-pulses was adjusted to control the time delay of reaching the silicon surface through the
electronic translation stage. The temporal shaping was achieved using the double-pulse fs laser. In this
experiment, a single shot pulse was used to ablate these holes on a silicon substrate. The laser was
focused by a 10X objective lens. Further, in order to make the hole diameter as small as possible, a
50X objective lens was used to generate the tightly focused fs laser pulse to explore the minimum size.
The processing results were observed by cold field scanning electron microscopy (SEM) for detailed
data analysis.

3. Results & Discussion

3.1. Double Pulses Nanofabrication

Firstly, a fs laser single pulse was used to ablate the microhole structure on silicon. In order to
compare the difference between the double pulses and single pulse, the pulse delay was changed from
0 fs to 2000 fs under the same laser fluence. As shown in Figure 1, microholes were respectively
fabricated at the laser fluences of 0.52 J/cm? and 0.35 J/cm? to ensure the good repeatability. Figure 1a
and Figure 1b show the change of surface morphologies at the laser fluence of 0.52 J/cm?, and the
black area in the center of microholes means that the microholes were ablated. However, as shown in
Figure 1c and Figure 1d, the white area in the center of microholes means the formation of bump. The
laser irradiated area was modified and the laser fluence of 0.35 J/cm? was under the ablation threshold.
The formation mechanism of bump was attributed to the fact that the liquid density (2.52 g/cm®) of
silicon is larger than the solid density (2.32 g/cm?®).

(b) 0.52 J/cm?2
500fs 1000 fs 1500fs * 2000 fs

Figure 1. SEM images of silicon surfaces
exposed by (a-b) a fs pulse at a fluence of
0.52 J/cm® with pulse delays of 0, 300, 500,
1000, 1500 and 2000 fs, respectively, and (c-
d) a fs pulse at a fluence of 0.35 J/cm?® with

() 0.35 Jem2 pulse delays of 0, 300, 500, 1000, 1500 and
e e i 2000 fs, respectively. The experimental
parameters of holes in each column are
uniform.
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By counting the diameters of microholes, it was found that the microhole became smaller with the
increasing pulse delay and the diameter gradually stabilized as the pulse delay is up to about 1500 fs.
Figure 2 shows the trend change of hole diameter as a function of pulse delay.
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Figure 2. Average diameter of microholes as a function of pulse delay at the double-pulse threshold
fluence of 0.52 J/cm? and 0.35 J/cm?, respectively.

3.2. Plasma Model Theory

This phenomenon that the hole diameter decreased with the increasing pulse delay under the same
laser fluence is also found in the fs laser ablation of fused silica [6]. Compared to the insulator, the
properties of semiconductor silicon are similar to fused silica during the process of laser interaction.
Therefore, the plasma model can be utilized to describe the laser-silicon interaction. The direct cause
of this phenomenon is that the increase of pulse delay lead to the increase of the ablation threshold of
silicon. Due to higher ablation threshold of large pulse delay, the diameter of microhole is smaller than
the single pulse under the same laser fluence. Further, depending on the critical electron density
ablation criterion, the ablation threshold of silicon can be calculated by the plasma model. When the fs
laser double pulse irradiates on the silicon surface, the first sub-pulse excites a large amount of free
electrons from the valence band of silicon by photoionization, and the free electron density cannot
remain constant during the time interval between two sub-pulses. During the time interval, the
recombination of free electron occurs due to direct radiation recombination, Auger recombination, and
diffusion of free electron [11]. The free electron density decreases through the recombination process.
During the second sub-pulse irradiation, these free electrons act as seed electrons to excite more free
electrons through impact ionization, and large amounts of free electrons also are excited through
photoionization. Therefore, as the pulse delay increases (up to 1500 fs), the free electrons ionized by
the first sub-pulse will recombine more so that the total free electron density naturally become less.
According to the critical free electron density ablation criterion, the ablation threshold will become
larger.

Furthermore, the plasma model was used to simulate the relationship between the ablation
threshold of silicon and pulse delay of double pulses quantitatively. Since silicon is a semiconductor,
the valence band is only 1.12 ev [12], which is lower than the 1.5 ev of a single photon energy. This
means that the ionization is mainly generated by single photon and two-photon absorption [13], and
impact ionization can be ignored under the low laser fluence [14]. Same with fused silica, the
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recombination term of free electron density can be simplified by —?e [15]. The typical equations for
calculating the free electron density after the laser irradiation on silicon are given by:

a

az=—a0|—ﬂ|2—0{fca| 1
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(2)
ot ho 2ho, T

where | means the initial optical intensity, z is the spatial coordinate perpendicular to the silicon
surface, «f, and g are single photon and two-photon absorption coefficient, a, refers to the

absorption rate of free electron, n, is the free electron density and 7 describes the relaxation time of

free electron, which is about 200 fs for silicon [15].

Different pulse delay means different optical intensity distribution in the time scale. Through the
iteration of equation (1) and equation (2), we can calculate the relationship between pulse delay and
ablation threshold, which fits well with the experimental data, as shown in Figure 3. The ablation
threshold of silicon becomes larger and finally stabilizes with the increasing pulse delay from 0 fs to
2000 fs. Therefore, the average diameter of holes naturally becomes smaller.

043 T T T T T T T T T

046 B

e

s

=
T

1

o4zt g

Threshold fluence (.T;"CIIIz)

=2

s
T

1

0.397/cm’

1 1 1 1 1 1 1 1 1
0 200 400 G600 800 1000 1200 1400 1800 1800 2000
Pulse delay (fs)

Figure 3. The relationship between ablation threshold and pulse delay is stimulated through the
plasma model, and the dot line means the ablation threshold under the single pulse. The asterisks
represent the ablation thresholds under different pulse delay.

3.3. Exploration of Minimum Size

In order to ablate enough small hole on silicon using fs laser, a 50X objective lens was used to focus
tightly fs laser to obtain waist diameter of 1.57 um, which is calculated using a method proposed by
Liu [16]. By continuously reducing the laser fluence, a hole with diameter 400 nm was processed at
laser fluence of 0.52 J/cm? under the single pulse, which is larger than the ablation threshold fluence
under single pulse, as shown in Figure 4. The smallest hole was processed under single pulse and
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silicon cannot be ablated under double pulses at the same laser fluence, which proved the ablation
threshold under double pulses was larger than that under single pulse. Using the double pulse, it can be
found that the diameter of nanohole was about 325 nm at the laser fluence of 0.62 J/cm? and pulse
delay of 2000 fs (Figure 5a). A nanohole with diameter of about 200 nm was processed at the laser
fluence of 0.57 J/cm? and pulse delay of 300 fs, as shown in Figure 5b, which is the smallest hole at
present and cannot be achieved under the single pulse.

300 fs

Figure 4. SEM images of silicon surfaces exposed by a fs pulse at a fluence of 0.52 J/cm? with pulse
delays of 0, 300, and 500 fs, respectively. The experimental parameters of holes in each column are
uniform.

(@) 0.62 J/cm2 (b) 0.57 J/cm2
2000 fs 500 fs

Figure 5. The minimal size of hole fabricated at the laser fluences of 0.62 J/cm? (a) and 0.57 J/cm? (b),
respectively. The experimental parameters of holes in each column are uniform.

4. Conclusion

In conclusion, we use the double-pulse fs laser to achieve the temporal shaping of fs laser. Compared
with the traditional single pulse, double pulses can precisely control the properties of free electron
such as temperature, capacity and density, etc. by adjusting the pulse delay. By ablating microhole
structure on silicon material using double-pulse fs laser, it was found that the average diameter of
holes decreases with the increasing pulse delay from 0 fs to 2000 fs under the same laser fluence.
Based on the plasma model, this phenomenon can be explained quantitatively from the prospective of
ablation threshold. Furthermore, the processing accuracy can be improved using the double-pulse fs
laser.
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