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Abstract 

Modeling and simulation of laser-matter interaction with aluminum thin film on silicon substrate is conducted using a 1D radiation hydrodynamics 

code, known as HYADES. Various physical processes at the microscopic/atomic level during laser-matter interaction including laser deposition, 

ionization, thermal energy transport, and hydrodynamics motion are considered in the model. To validate the numerical model, single pulse laser 

irradiation experiments are conducted. Cross sectional profiles of the ablation sites are characterized, and ablation depths are extracted from the 

profiles. The numerical model is verified by comparing model predictions with experimental results. The validated model will be used in the 

future to study the effects of various laser parameters (e.g., laser fluence, pulse duration, laser wavelength, pulse train) on ablation efficiency and 

quality (e.g., ablation depth, heat affected zone). 
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1. Introduction 

High performance laser thin film scribing techniques have 

applications in numerous advanced technology areas including 

scribing of thin film solar cells and smart window glass, 

patterning of flexible electronics, micromachining of 

microelectromechanical systems and light emitting diodes, etc. 

ultrafast laser ablation has been a subject of extensive study 

over the years which has the potential to be a high performance 

scribing technique capable of producing narrow, straight walled 

cuts with little imparted surface damage. To optimize ultrafast 

laser scribing processes and develop new techniques, a 

fundamental understanding of the ablation mechanisms is 

needed. Because of the complex phenomena involved in the 

process, various numerical methods have been utilized to shed 

lights on the underlying physics in ultrafast laser interaction 

with thin film materials. Two-temperature model (TTM) is one 

of the early methods used to account for the nonequilibrium 

thermal state between electrons and lattice at the onset of laser 

irradiation, and it was developed as a more practical tool for 

predicting ablation depth for ultrashort pulse lasers [1]. 

Molecular dynamics (MD) simulations have been successful in 

revealing complex phenomena in laser ablation at the atomic 

level including melting and resolidification, spallation, phase 

explosion, and material ejection [2,3]. Hydrodynamics 

simulations provide a comprehensive treatment of laser 

absorption by the electrons and subsequent events including 

ionization, energy transfer to the lattice, melting, ablation, and 

shock wave propagation [4]. Moreover, several hybrid methods 

have been developed to combine two existing methods for a 

more complete treatment of the process physics. One 

commonly used approach is to combine TTM and MD, where 

laser absorption by electrons and electron-lattice coupling is 

treated using TTM and lattice dynamics leading to ablation is 

dealt with using MD simulation [5-7]. TTM has also been 

coupled with commercial package like COMSOL Multiphysics 

to simulate laser ablation of metal thin films [8,9]. Over the 
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years simulations have not only enabled visualization of the 

complex microscopic processes in play during ultrafast laser 

ablation of thin film materials but also helped the development 

and optimization of new processes such as double pulse 

ablation [10] and backside ablation [11]. Because of the 

different numerical methods used and assumptions made, 

simulation predictions do not always agree with each other. For 

example, when simulating femtosecond laser double pulse 

ablation of aluminum film on glass, a minimum vaporization 

threshold was identified at delay time of 5-10 ps using TTM 

[12] while a nearly constant ablation threshold was seen for <10 

ps time delays [13]. Therefore, more research is needed in this 

area, especially for more complicated irradiation schemes. In 

this paper, ultrafast laser ablation of aluminum thin film on 

silicon is simulated using a radiation hydrodynamics code, 

HYADES [14]. The purpose is to study the microscopic 

mechanisms that are responsible for material ablation, verify 

the numerical model, and explore the impact of various 

irradiation schemes on ablation depth in the future. 

2. Modeling and simulation procedure 

Modeling and simulation of laser-matter interaction with 

aluminum thin film on silicon substrate is conducted using a 1D 

radiation hydrodynamics code, known as HYADES. Aluminum 

is selected as the material in this study because of its well-

established material properties and known equation of state. 

Various physical processes at the microscopic/atomic level 

during laser-matter interaction including laser deposition, 

ionization, thermal energy transport, and hydrodynamics 

motion are considered in the model.  

The sample is a 1×1 cm2 square shape with a 300 nm thick 

aluminum film on a 10 μm thick silicon substrate. The mesh 

points and zones (spatial extent between adjacent mesh points) 

in the depth direction are shown in Fig. 1. For the aluminum 

film, a non-uniform mesh starts at Node 1 and gradually 

increases by a factor of 1.05 to end with Node 101. For the 

silicon substrate, a uniform mesh of 101 nodes with 100 nm 

between adjacent nodes is used. Besides the mesh points, a total 

of 200 zones are defined as shown in the figure because some 

quantities such as material density and pressure are defined at 

the zone centers. The sample is surrounded by vacuum. 

Linearly polarized plane-wave laser pulses irradiate the sample 

from the left side at normal incidence. The laser pulse follows 

a Gaussian temporal profile with the power given in Eq (1) as a 

function of time, where Ppeak is the peak laser power and τ is the 

FWHM pulse duration (full-width at half-maximum). The 

optical and material properties for aluminum and silicon are 

given in Table 1. 
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Table 1 Complex refractive indices for aluminum and silicon 

Material 

λ=1030 nm Thermal 

conductivity 

(W/m∙K) 

Melting 

model 

Shear/yield 

model n’ n” 

Aluminum [14, 

16] 
2.767 8.354 218 Lindemann 

Steinberg-

Guinan 

Silicon [14,17] 3.562 2.5×10-4 148 N/A N/A 

 

 

 

 

 

 

Fig. 1 Illustration of the 1D model for the sample made of aluminum film on a 

silicon substrate including mesh and zone indices. A laser pulse irradiates the 

sample from the left. 

 

The HYADES code solves a system of equations including 

the conservation equations of mass, momentum and energy and 

a constitutive equation that relates the pressure and specific 

energy as a function of temperature and density (e.g., equation 

of state) [15]. The equation of state (EOS) for aluminum and 

silicon are based on the EOS tables provided in the HYADES 

User’s Guide [14], which are assembled from different sources. 

The ionization model used in this study is the generalized 

Thomas-Fermi model of the atom based on Fermi-Dirac 

statistics, which includes degeneracy effects. Energy 

transported by the electrons and ions is modeled by flux limited 

diffusion. The coupling between the electron and ion fluids are 

through Coulomb collisions. The temperature of each species is 

computed based on Fourier’s law. The hydrodynamics motion 

of the material is solved using the law of conservation of 

momentum to determine the velocity and position of the mesh 

points. 

The simulation conditions for single pulse laser irradiation 

are shown in Table 2. The purpose is to study the effects of laser 

fluence and pulse duration on ablation depth. Eight fluence 

values are selected for the pulse duration of 1 ps. Six pulse 

durations are selected at each of the two laser fluences, 2.49 and 

3.12 J/cm2. The wavelength, spot size, and light polarization 

state are fixed.  

 

Table 2 Simulation conditions for single pulse irradiation 

3. Laser ablation experiments 

The setup for the laser ablation experiments is schematically 

shown in Fig. 2. A femtosecond laser with pulse durations 

ranging from hundreds of fs to >10 ps is used in the 

experiments. Pulse energy is adjusted by a half-wave plate and 

a cube polarizer. A focusing lens (LA1908-B Plano-convex 

lens from Thorlabs) is used to concentrate the pulse energy to 

a focal spot on the sample surface. The input beam size is 6.5 

mm and the focal spot size is about 100 μm. The sample is 

mounted on a motorized xyz stage controlled by a computer. 

Surface ablation is realized through single shot irradiation with 

motion control so that each laser shot is fired on a fresh spot on 

the sample. 

For the purpose of model validation, the conditions for the 

laser ablation experiments are the same as those for the 

numerical simulation. The laser ablation sites are examined 

using a 3D optical profiler and the average ablation depth for 

each crater is extracted. 

 

 

Laser parameters Values 

Fluence, F (J/cm2) 0.62, 1.25,1.87, 2.49, 3.12, 6.24, 9.35, 12.47 

Pulse duration, τ (ps) 0.184, 0.5, 1, 2, 5, 10 
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Fig. 2 Schematic of laser ablation experimental setup and (b) laser scan 

pattern. 

4. Results and discussion 

Each simulation begins with the input of a single laser pulse 

and runs continuously until it reaches 1 ns. At the end of the 

simulation, thermal vaporization should have been initiated and 

materials leaving the surface are considered ablated. The 

simulation produces an extensive number of quantities that 

describe the physical state of the material at its mesh points and 

zones in time and space. Mass density distribution at the end of 

each simulation is used to identify the ejected materials, from 

which the ablation depth is obtained. The results for the 

aluminum thin film instead of the entire sample (e.g., film plus 

substrate) are described in the following because the focus is 

on the response of the aluminum film to laser irradiation in this 

study. In fact, the substrate is not much disturbed for the laser 

conditions used in the simulations. 

Fig. 3 shows the mass density against the mesh index at 1 ns 

after laser irradiation for three different conditions. A sharp 

change in the mass density denotes the boundary between the 

ejected material and that remains on the sample. Fig. 3 (a) and 

(b) show the simulation results for the pulse duration of 5 and 

1 ps, respectively, with the laser fluence fixed at 2.49 J/cm2. It 

seems that pulse duration has little effect on ablation depth in 

that the deepest element ejected is the 47th and 51st for the two 

pulse durations, corresponding to 19 nm and 24 nm, 

respectively. At 1 ns, the ejected materials are still very close 

to the surface (up to tens of microns above the surface) and 

continue to move away from the surface, as confirmed by the 

mesh positions and velocity vectors (not shown here). Since 

both pulse durations fall in the ultrafast regime, the ablation 

mechanism should be similar, and so is the expected ablation 

depth. Fig. 3(c) shows mass density profile for the fluence of 

6.24 J/cm2 and the pulse duration of 1 ps. Comparing with Fig. 

3(b), it can be seen that the ablation depth is increased to the 

62nd element (about 43 nm deep into the surface) as the fluence 

is 2.5 times higher. The top surface element has already moved 

to more than 70 µm above the surface. 

 
 

 

 

 

 

 

 

 

 

Fig. 3 Mass density of the aluminum thin film at 1 ns after laser irradiation: (a) 

F=2.49 J/cm2 and τ=5 ps, (b) F=2.49 J/cm2 and τ=1 ps, and (c) F=6.24 J/cm2 

and τ=1 ps. 

 

Fig. 4 shows the cross sectional profile and optical image of 

one ablated spot for illustration purpose. A shallow crater is 

formed after the laser shot in this case. A general observation 

indicates two common features seen under different conditions. 

First, a ridge is formed at the circular boundary of the ablation 

spot, which may be attributed to plastic flow with subsequent 

fracturing of the boundary material while resisting the pull-up 

force by the ejected material. Second, the crater bottom is not 

flat, which is mainly caused by the Gaussian intensity profile 

of the laser beam. The bottom is also not very smooth, which 

indicates the complex microscopic dynamics operating during 

laser ablation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Cross sectional profile of laser ablated spot: τ=184 fs and F=6.24 

J/cm2. Inset: optical image of the same spot. 

 

To validate the numerical simulation, model predications 

and the corresponding experimental results for the ablation 

depth under various conditions are compared. It should be 

pointed out that the simulation is one dimensional (in the depth 

direction) and the experiment is two dimensional (in the depth 

and radial direction). However, because the laser beam spot 

size is more than 100 times larger than the ablation depth, the 

laser ablation experiment can be approximated as a one-

dimensional case with a gradient fluence decreasing from the 

beam center radially outward. Therefore, an average ablation 

depth is estimated for a crater with a non-flat bottom from the 

experiments and used in the comparison. As illustrated in Fig. 

4, the crater cross section is approximated by the green 

geometry consisting of straight line segments, and the crater 

depth thus obtained (d) is considered as a first order estimate. 

In the future, after gaining enough experience with the 1D code, 

the authors will extend the simulation to 2D to treat more 

practical problems. 

Fig. 5 shows a comparison between simulation and 

experimental results for ablation depth as the laser fluence 

increases while keeping the pulse duration fixed at 1 ps. The 

overall agreement is very good, especially for the laser fluence 

of greater than 2 J/cm2. Both the simulation and experimental 

results point to a near linear relationship for the ablation depth 

when laser fluence exceeds 2.5 J/cm2. A nonlinear trend is 

apparent at the lower laser fluence range, more pronounced for 

the experimental results. It is noted that there is a relatively 

large discrepancy at low laser fluence levels between the 

Optical image 

d 
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simulation and experimental results, for which the cause is 

unclear at this time. More work is needed to clarify this issue, 

and one of the things that need to be considered is to include 

ambient air in the simulation since the experiments are 

performed in air. Fig. 6 shows the variations of ablation depth 

with pulse duration at two laser fluence levels, 2.49 and 3.12 

J/cm2. Again, the overall agreement between the simulation and 

experimental results is good in terms of the relative magnitude 

and trend for the ablation depth. A weak linearly decreasing 

trend for ablation depth beyond 1 ps is seen for both laser 

fluence levels. The cases for pulses shorter than 1 ps seem to 

be more complicated. A significant jump in ablation depth 

occurred in the experiments at the pulse duration of 0.5 ps, and 

the simulation is able to capture this “anomaly” but with a large 

gap from the measured data. This behavior needs to be verified 

both experimentally and in simulations before any conclusions 

can be drawn for the reasons behind it. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Variations of laser ablation depth with laser fluence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Variations of laser ablation depth with pulse duration. 

5. Conclusions  

The HYADES radiation hydrodynamics code is used to 

simulate laser irradiation of aluminum thin film on silicon 

substrate. Ablation depth is extracted from the simulation 

results at 1 ns. Model validation is performed by comparing the 

simulation and experimental results in terms of ablation depth 

as a function of laser fluence and pulse duration. A good 

agreement is reached between the simulation and experiments. 

The hydrodynamics model is able to capture the linearly 

increasing trend of ablation depth with laser fluence for F>2.5 

J/cm2. Further investigation is needed to verify the model’s 

predictive capability for the lower fluence range. The average 

prediction error is 12%. Similarly, for the pulse duration, the 

model is capable of predicting the trend in ablation depth as 

pulse duration changes, and the average error in magnitude is 

19%. In summary, the hydrodynamics model can provide more 

reliable predictions for laser ablation experiments at large 

fluences (e.g., >2 J/cm2) and can be used in the future to assist 

in the design of experiments to explore new laser ablation 

strategies.  
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