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ABSTRACT

The laser assisted manufacturing of flat surfaces is a hot topic in the laser community. The ability to change the properties of the surface just by applying high energy pulses is fascinating. After the laser treatment 

materials can obtain new colors due to recrystallisation, heat assisted chemical reactions, or even surface nanograting formation. Materials can also get other property changes such as wetting or hardness. The 

interesting ring-shaped features appear after a single shot on the silicon surface heats the scientific community[1, 2, 6]. It was found that the higher reflectivity ring can be attributed to the silicon chaotic 

recrystallization and the change of the state of matter induces higher reflectivity [1]. However, the reasoning of the formation is still unclear. To comprehend the mechanisms involved in the ring formation we have 

devised a set of experiments and produced a semi analytical model and a numerical model.

THE TWO MATHEMATICAL MODELS

Semi analytical model

Our first attempt consisted of creating a semi analytical model. This model incorporates single and two 
photon absorption allowing us to produce an analytical resolution of the differential equation. As the 
analytical solution exists it allows this model to be computationally light. Still, the results were hard to fit 
thus the linear dependance of TPA coefficient with respect to fluence was introduced. This allowed us to fit 
the results with relatively high precision (RMSE : 0.05𝜇m for outer and 0.5𝜇m for inner ring, in comparison 
a single pixel side length in Fig. 1 is 0.2𝜇m)  with a slight increase of computational time. Nevertheless it 
creates an issue where the TPA coefficient takes up values greater or smaller to the ones measured or used 
in literature [2, 3, 4, 5]. 

Mathematical description

Numerical model

To try and understand more precisely the ring formation phenomena it was decided to incorporate 
impact ionization and avalanche effects. The side effect of this approach is that we can no longer find 
analytical solutions. In addition it was noted that fitting no longer requires TPA to vary with fluence to 
obtain comparable precision (0.2𝜇m to 0.9𝜇m RMSE, the bigger the beam’s radius the bigger the RMSE). 
The fitting results are summarized in the Tab. 1. 

Mathematical description

Distance from 
lens’ focal length 

(mm)

+0 +0.5 +1 +1.5

𝛼 (/𝜇m) 3e-3 3e-3 3e-3 3e-3

𝛽 (cm/GW) 20 22.5 20 22.5

𝜎 (cm²) 1.56e-18 1.56e-18 2e-18 2e-18

EXPERIMENTS

Six slabs of Si (three different doping levels and two different orientations) were shot by a single pulse of laser having a wavelength of 1.03𝜇m, focused by a long focal length lens (100mm). The pulse had a ½ 

duration of around 300fs and its radius ranged from 15.4𝜇m to 34.4𝜇m. This radius variation was obtained by moving the Si surface out of focus in 0.5mm increments.Each slab was shot 40 times with varying levels of 

laser power ranging from 25mW to 1W with a step of 25mW. After the experiment was concluded the samples were placed under a microscope with a 0.9 NA lens to obtain the images above. Each picture was 

measured by hand using a dedicated software. 
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Discussion

This work strives to explain the underlying mechanisms of amorphization ring generation on the surface of 
silicon crystals. Our experiments and models have shown that:
● Ring formation is influenced by the crystal structure orientation as it is apparent in the Fig.1 
● Impact ionization and avalanche effects are necessary to understand the formation of the rings

Currently the model is sufficient to predict ring dimensions with relative precision (Fig.3) though we are 
still unable to describe the exact steps of their formation. For this purpose the model needs to evolve once 
more. Our next step is to follow the internal energy of the sample and model the lattice and carrier 
temperature changes. 
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Fig.1 Resulting pictures of the sample after a single shot of the femtosecond laser pulse. From left to right : p type Si, undoped Si, n type Si. From top to 
bottom : <100> crystal orientation, <111> crystal orientation. 

Fig.2 Physical processes during the modification of silicon with 
femtosecond laser pulses and their threshold fluence [1]

Fig.3 Inner (red colored) and outer ring (blue colored) radius dependence on maximum beam fluence. Circles, 
squares, solid lines and dotted lines represent experimental outer radius, experimental inner radius,  analytical 

and numerical results respectively. A represents 25.4μm beam FWHM diameter and B represents 14.5 μm 
diameter beam. Both of the images represent <111> Si crystal.

A B

Tab.1 Summary of undoped, <111> orientation Si crystal result fitting.  


