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Features of laser ablation of porous silicon in air
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The results of an experimental study of the ablation thresholds of monocrystalline and porous 77 and 96% silicon
are presented. The morphology of the samples was studied after exposure to femtosecond laser radiation with a
pulse energy of 1—10uJ. The dependences of the size of the impact trace on the embedded laser energy are
obtained, and the thresholds of laser ablation are determined. It has been found that at high porosity, the size of the
ablation region grows faster with increasing energy than for monocrystalline silicon and silicon of lower porosity.
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1. Introduction

Currently in medicine the discipline on creation
biodegradable nanoscale platforms is actively developed,
they inside the human organism during limited time period
will operate as diagnostic and (or) therapeutic devices. For
such applications search of natural and development of
new biodegradable materials are performed. One of such
materials can be semiconductor silicon [1,2]. In terms of
biomedical applications the nanosilicon is unique material,
in crystalline form it is biodegradable, biocompatible and
non-toxic to living organism. Currently it is shown that
nanosilicon can be synthesized in different nanoforms:
nanoparticles, nanowires, nanostructured porous films etc.
The porous silicon can be used as biodegradable nanoscale
platform, for example, as container for delivering the thera-
peutic drug or diagnostic radiopharmaceutical agent [3-5].

Properties of the porous silicon depend on the method
and technological parameters of its production [6]. Laser
ablation allows obtaining chemically pure nanoforms, mon-
itoring the concentration, size and degree of their crys-
tallinity [7]. When selecting optimal conditions of the laser
ablation the threshold of material laser ablation is important
parameter. According to data of paper [8], the silicon
ablation threshold also depends on porosity, the higher
porosity is the lower ablation thresholds are.

On the other hand, there is need of laser synthesis
of nanoparticle of other materials, which initially have
porous structure. For example, for boron neutron capture
therapy (BNCT) the boron nanoparticles are synthesized
from targets formed by sintering of boron powder and
its compounds [9,10].  Such targets can have porous
structure [11], affecting the laser ablation. Due to this study
of the laser ablation processes near threshold is important
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for development of production technologies of biomedical
nanoparticles of porous materials.

In the presented paper the laser ablation of silicon with
different degree of porosity is studied. The dependence of
exposure trace size on input laser energy are obtained, the
laser ablation thresholds are determined.

2. Materials and study methods

The porous silicon films were obtained by electrochemical
etching. During etching the electrolyte comprising fluoric
acid and ethyl alcohol (HF:C,HsOH 1:1) was used.
As initial material the single-crystal wafer of silicon KDB of
p-type with crystalline orientation of surface [100] 460 um
were used. Etching area was 1.8 cm?. After etching the layer
of porous silicon stayed on surface of silicon wafer. As a
result samples of silicon films with porosity 77 and 96%
were obtained.

Experiment of ablation of porous silicon layers was per-
formed using femtosecond laser unit TETA 10 (Yb:KGW).
The laser parameters were as follows: wavelength —
1032nm, pulse width — 270fs, pulse repetition fre-
quency — 100kHz. The laser radiation was focused on
sample with lens, at that laser spot diameter on the target
surface was ~ 50 um. The laser system was set such that
laser beam provides trace in form of stripe. Scanning
rate along stripe was 10 mm/s. For each sample the laser
radiation exposure was performed at pulse energies of 1
to 10uJ with step 1uJ. The laser radiation interaction
with silicon was performed in air. After exposure samples
were studied by scanning probe microscopy in microscope
TESCAN MAIA3.

Note that the paper investigates not craters formed by
the point exposure of laser radiation on a sample (see, for



496 International Conference PhysicA.SPb, 21—25 October 2024

MAIA3 TESCAN | SEM HV: 25.0kV.

View okt 188

EM MAG: .11 kx | DeiaGu/dly): 07725123

MAIA3 TESCAN | SEM HV: 25.0kV

View i 15y | Do nBeamSE_53) 7

SEMMAG: 1.75 kx| Dafa(au/dly): 03/28/24

Performanee in nanospace

Performance in nanospace

Figure 1. SEM-images of samples after exposure to laser radiation with energy 9 uJ: silicon with porosity 77% (a), silicon with porosity

96% (b), crystalline silicon (c).
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Figure 2. Square of width (diameter D, um) of trace vs. laser radiation energy E, J.

example, [12,13]), but stripes formed by scanning with laser
beam over the target surface, actually, in the mode that is
used for the nanoparticles synthesis.

3. Experimental results and discussion

The laser beam has Gaussian distribution of energy, so in
the stripe center the energy density is significantly higher
than at edges. During such interaction in stripe we can
see simultaneously several types of changes. As a result
of morphology study of the ablation stripes two types of
surface modification of samples can be detected. In the
first case at low energies the trace is formed with smooth
transition from center to edge, no breaks in substance

boundaries are observed. In second case with energy
increasing of laser radiation the break boundaries are clearly
detected along the scanning stripe, rather large structure
of micron size formed in the stripe center are seen. For
comparison, the results of experiments with single crystal
silicon are presented, on its wafers samples of porous silicon
were synthesized.

Figure 1 presents images of morphology of sample surface
after study of radiation effect on the porous and crystalline
silicon. To monitor visualization of exposure trace the
photos were made using optical microscope. Note, that the
exposure traces are clearly identified in both microscopes.

To determine the ablation thresholds we studied traces
in form of stripes formed by the laser radiation at different
energies of laser pulse. Using scanning electron microscopy
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Threshold values of energy and energy density

Sample En, J Wi, J/em?
Sample of porous silicon | 7.8 - 107’ 0.03
with porosity 96%
Sample of porous silicon | 7.9-1077 0.13
with porosity 77%
Sample of crystalline 1.5-107° 0.15
silicon

(SEM) the width of stripes for each sample and values of
laser radiation energy were determined.

As per data of papers [13,14], the ablation threshold can
be determined from relationship

D? = 20? ln(E) =20’ InE — 20* InEy,
En
where D — ablation spot diameter (um), @ — radius
of Gaussian beam (um), E — pulse energy of laser
radiation (J), Ey, — threshold ablation energy (J).

Graph (Figure 2) presents square of width (diameter)
of trace vs. laser radiation energy. The experimental
data were approximated by a linear function, from which
the threshold value of the energy of the ablation process
was calculated. Deviations from the linear function in
experimental curves are associated with possible sections of
heterogeneous etching of wafer. Table shows the obtained
values of ablation thresholds.

The obtained data show that ablation thresholds of porous
samples are lower than for the crystalline silicon. Besides,
graphs show that at high porosity the size of ablation
area increases quicker with energy increasing than for the
single crystal silicon and lower porosity. Note also that
the ablation process of porous materials depends not only
on the magnitude of porosity, but also on the size of the
pores [8,12], which may be the reason for the significant
differences between the two porous samples.

4. Conclusion

Paper presents the results of experimental measurement
of the threshold value of laser ablation energy of porous
and crystalline silicon. The laser ablation was performed
in mode of sample surface scanning, most close to the
procedure of nanoparticles synthesis. Study of size of
exposure trace resulted in calculation of threshold values
of laser ablation energy for samples with different degree of
porosity and of single crystal silicon. The lowest threshold
value was obtained for high-porosity silicon sample (96%)
ans was ~ 0.03 J/cm?,
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