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Abstract
Experiments were performed with femtosecond laser on monocrystalline silicon for different application 
fields. The small focal spot diameter, the ultra-short pulse length, and the high energy density opens new 
ways in material processing; the treated material will have smaller heat affected zone (HAZ), and allow more 
precise, higher quality material processing. Micropillars and LIPSS structures were prepared on monocrys-
talline silicon in our study. 
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1. Introduction
Ultra-short pulsed lasers (i.e., pico- and femto-

second lasers) have undergone rapid develop-
ment over the past few decades. These lasers have 
many advantages over conventional (e.g., nano-
second) pulsed lasers. As a result of extremely 
short pulses, the heat affected zone (HAZ) is much 
smaller in the treated materials, thus providing 
high quality micromachining for both ductile and 
brittle materials. This is because electrons need 
1 to 100 ps - depending on the electron-phonon 
coupling strength of the material being treated - 
to transfer thermal energy to the nucleus in the 
lattice. In femtosecond lasers, this results in only 
a very small fraction of the irradiated energy be-
ing transformed into heat.

Another advantage of ultra-short pulsed lasers 
is that they are capable of generating extremely 
high peak pulse power, which allows the multi-
photon absorption to take place, so that insulating 
materials (e.g. glass) can be machined with it. Sin-
gle-photon absorption cannot excite the electrons 
of the insulating materials into the conduction 

band. However, due to the high photon density 
in multi-photon absorption, it is possible to excite 
the electrons into the conduction band even if the 
energy of the band gap is greater than that of the 
photon [1–6].

Because of these characteristics, femtosecond 
lasers are capable of ablation in high quality. Ab-
lation: during high-power pulsed laser treatment, 
a plasma cloud of matter exits the material and 
leaves a well-defined cavity. This process is also 
called hyper sublimation: the solid enters directly 
to the plasma phase [1].

Micropillars, microchannels and stents can be 
machined this way.

Micropillars are used for material research pur-
poses. Plastic deformation works differently at 
the micro level, and understanding it is impor-
tant for designing micro-sized parts and develop-
ing dislocation theory. In the course of our work, 
pre-processed micropillars were machined to re-
duce the time-consuming work with FIB (Focused 
Ion Beam) [7–11].

Below the ablation threshold, regular, wave-like 
structures are known as Laser Induced Period-
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Figure 1. 3D optical microscope image of a 500 micro-
metre high micropillar and its topographic 
graph.

ic Surface Structures (LIPSS) appear on the sur-
face. The period of these waves is much smaller 
than the spot diameter of the laser beam. There 
is no accepted theory for the mechanism of their 
formation, but probably the interference of inci-
dent and backscattered electromagnetic waves 
and also hydrodynamic phenomena play a role 
in the formation of these  structures. Such struc-
tured surfaces can be used, for example, to im-
prove tribological properties, to form antibacte-
rial surfaces, and as a substrate for SERS (Surface 
Enhanced Raman Scattering) spectroscopy. It is a 
common problem in Raman spectroscopy that the 
test component is only present in small amounts 
in the solution, such as in spinal fluid testing or 
in detecting drug molecules remaining in filtered 
water. In this case, the Raman sign of the material 
is not large enough to detect its presence. A SERS 
chip (substrate) is then inserted into the Raman 
microscope. By dropping the test solution to this 
substrate the Raman signal of the test component 
can be enhanced up to 1014 fold [12, 13].

The main (electromagnetic) reason for SERS en-
hancement is: The external electromagnetic field 
causes the free electrons on the surface of the 
metals to oscillate: this is a quasi-particle called 
plasmon. If they have a resonance frequency 
equal to that of the outer field, then the intensity 
of the electromagnetic field is amplified. This can 
mean amplifying the electromagnetic fields of the 
exciter or the scattered one, or even both[14, 15].

Of course, not only laser beam technology can 
be used to produce the structures for the uses 
detailed above, for example, the preparation of 
a SERS substrate can also be achieved by electro-
chemical methods. However, laser beam treat-
ments have many advantages: high productivity, 
repeatability, precision machining and localiza-
tion [1].

1.1. Laser and investigating devices
The laser source is a Coherent Monaco type res-

onator. Laser radiation is transmitted without fi-
bres, through mirrors to the z-compensation lens 
(from Scanlab), then to the galvanic mirrors of 
the F-theta lens. The repetition rate is adjustable 
from 188 kHz to 50 MHz, which also allows the 
equipment to be used in industrial applications. 
The pulse length is adjustable from 300 fs to 10 
ps. The average maximum power is 62 W and the 
maximum pulse energy is 200 µJ. However, the 
maximum peak pulse power is 600 MW, which 
means extremely high energy density. By com-
parison, the approximate performance of 1 Paks 

Nuclear Power Plant units is 500 MW. The laser 
wavelength is 1064 nm and the focal spot diam-
eter is 80 µm.

Images were taken by with a Keyence VHX 2000 
microscope a FEI Quanta FEG 3D scanning elec-
tron microscope.

Raman spectroscopic investigations were car-
ried out with a Renishaw InVia micro-Raman 
spectrometer. 

1.2 Micropillars
It can take up to a day to prepare one micropillar 

with FIB. During our work we developed pre-pro-
cessed micro columns with a femtosecond laser, 
which was later refined with FIB post-process. 
With our laser equipment, hundreds of pre-pro-
cessed micropillars can be made in minutes.

During the preparation of the micro-columns, 
trenches were made in grid arrangement into 
monocrystalline silicon. Thus micropillars were 
formed between the trenches. Pillars with a 
height of a few tens of micrometres up to a milli-
metre were formed (see Figures 1, 2).

For the material physics model it is important 
that the pillar should remain a perfect single 
crystal. So the presence of a heat affected zone 
is not allowed. For smaller, 20–60 micrometre 
high pillars, negligible HAZ were measured with 
EBSD (Electron Backscatter Diffraction), which 
can be removed easily and quickly during the 
FIB post-processing. Larger, hundreds of mi-
crometre-tall pillars have significant, 20–30 mi-
crometres thick HAZ. However, the HAZ can be 
further reduced in this case by optimizing the pa-
rameters of the laser beam treatment: laser pow-
er, time between scan repeat, use of refrigerant. 
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1.3. LIPSS  
If the energy density is close to, but is below the 

ablation threshold, LIPSS will develop along the 
scanned lines. The period of the LIPSS is approx-
imately equal to the incident laser’s wavelength. 
The depth and morphology of the LIPSS (and thus 
its amplification factor) depends on the laser 
beam parameters used, so in this paper only two 
representative samples will be introduced (see 
Figures 3–4).

A 150 nm thick gold layer was evaporated onto 
the LIPSS-structured monocrystalline silicon sur-
face and the enhancement factor was determined 
using a Raman spectrometer. A sample of benzo-
phenone solution was dropped to the substrate, 
and the reference signal was measured on a sili-
con surface with 150 nm gold, but without LIPSS. 
The enhancement factor was 360X in one case and 
490X on the other sample. The exciting laser used 
in the Raman spectrometer had a wavelength of 
610 nm and an exposure time of 1 second.

The two samples differed in their scanning 
speed: with the scanning speed one magnitude 
lower, the enhancement factor was higher. In-
creasing the enhancement factor is favoured by 
a homogeneous structure composed of several 
small particles, which can be achieved by slower 
scanning.

2. Conclusion
In the course of our work we have created dif-

ferent surfaces on a monocrystalline silicon with 
a femtosecond laser.

Femtosecond laser machining of the pre-pro-
cessed micropillars significantly reduced machin-
ing time with FIB, but further optimization of the 
laser parameters is desirable to reduce the HAZ.

LIPSS made by us with 150 nm gold coating 
greatly enhances the Raman signal of benzophe-
none. We plan to increase the enhancement factor 
further and to perform measurements with other 
sample molecules and excitation wavelengths. 

We also plan to investigate the tribological per-
formance of the surfaces with LIPSS.
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