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CVD diamond is of excellent mechanical and optical properties to make it widely applied in the field of microelectronics and optical
devices. To achieve efficient and precise processing of CVD diamond, the use of ultrashort pulse laser processing of CVD diamond is an
effective method. In this paper, based on the interaction theory between ultrashort pulsed laser and CVD diamond, the changes of
absorption coefficient and reflectivity of diamond surface during picosecond laser ablation are taken into consideration, and the ¢wo-
temperature model are improved to couple with molecular dynamics. The mechanism of picosecond laser ablation of CVD diamond was
then investigated, where the temporal evolution of free electron density, electron temperature and lattice temperature on CVD diamond
were analyzed and the process of picosecond laser ablation of CVD diamond was simulated. Finally, the built model was verified by the
ablation experiment, where the ablation threshold and the achieved surface characteristics are involved.

1. Introduction

CVD diamond is a typical hard and brittle material with excellent mechanical and optical properties such as high hardness, high wear resistance
and high refractive index [1-4], which has a wide range of applications in the field of microelectronics and optical devices [5-7]. However, the
extremely high hardness of diamond makes processing difficult, and traditional processing methods such as EDM cutting and grinding have
problems such as low processing efficiency [8], and laser processing has the characteristics of short processing time and high processing efficiency,
which is an effective method for processing diamond.

The interaction between ultrashort pulsed laser and diamond is a nonlinear, multiscale and complex process, which includes photon energy
absorption, free-electron excitation, electron-phonon coupling, plasma excitation and expansion, and the time of action is often around picoseconds.
In order to elucidate the interaction mechanism between ultrashort pulsed laser and diamond, a lot of theoretical and experimental laser processing
of diamond have been carried out in the past studies [9-12]. The two-temperature model was proposed by Anisimov et al [13] in 1974, which can
well describe the electron-phonon coupling and temperature equilibrium process during the interaction between the ultrashort-pulse laser and the
metal.Jiang et al [14] improved the two-temperature model, and successfully predicted the ablation threshold of the femtosecond laser ablation of
the gold film. However, semiconductor materials such as diamond are different from metals, and the traditional two-temperature model cannot
describe the free electron density change caused by the valence band electrons jumping to the conduction band after diamond is irradiated by the
laser, and it needs to be corrected by adding the photoionisation equation describing the change of the free electron density on the basis of the two-
temperature model. Yin et al [15] used the photoionization equation to describe the evolution of free electron density during femtosecond laser
ablation of single-crystal diamond and established a two-temperature model for the variation of surface reflectance and absorption coefficient with
free electron density, and the results showed that the improved two-temperature model could successfully predict the ablation threshold of
femtosecond laser ablation of single-crystal diamond, and the prediction results were in agreement with the experimental results.

Molecular dynamics is a comprehensive simulation method combining classical mechanics, materials science and other basic theories.
Molecular dynamics simulation can simulate the evolution process of materials at the microscopic scale and within a very short time, so it is
suitable for studying the interaction mechanism between ultrashort pulsed lasers and materials. Cui et al [16] investigated the process of laser
ablation of CVD diamond using molecular dynamics simulation, and the results showed that the graphite layer of CVD diamond with smaller grain
size was thicker after laser ablation. Tian et al [17] established a molecular dynamics model describing nanosecond laser ablation of diamond to
analyze the correlation between temperature distribution and ablation phenomena, and investigated the causes of dislocations within diamond
during laser ablation, which showed that the stress wave plays an important role in the formation and propagation of dislocations, and that the
speed of the stress wave and the rate of cooling down of polycrystalline diamond are both slower than those of single-crystalline diamond after
laser ablation. Liu et al [18] coupled the two-temperature model with the molecular dynamics to study the ablation mechanism of picosecond laser
ablation ablation of monocrystalline silicon, and it was shown that, with the increase of the laser energy density , the material removal mechanism
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changes from evaporation to molten liquid sputtering and finally to phase explosion.

In this study, a model coupling the two-temperature model and molecular dynamics was established to study the ablation mechanism of
picosecond laser ablation of CVD diamond.The improved two-temperature model describes the process of electron-phonon coupling in diamond
during laser ablation, the ablation threshold of picosecond laser ablation of CVD diamond is calculated, and the ablation mechanism of picosecond
laser ablation of CVD diamond is investigated by molecular dynamics simulation, and finally the simulation results are verified by the ablation
threshold test.

2. Theoretical model
2.1 Two-temperature model

As mentioned earlier, in order for the two-temperature model to correctly describe the interaction between ultrashort pulsed lasers and
semiconductors, it is necessary to introduce a photoionisation equation describing the change in the density of free electrons on the basis of the
two-temperature model[19]:
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where N, is the free electron density, D, is the ambipolar diffusion coefficient, a is the single photon absorption coefficient, h is the Planck's
constant, v is the laser frequency, S is the two photon absorption coefficient, and the auger recombination electron rate R, describes the rate of
reduction of the free electrons induced by auger recombination as given in the following equation:
N,
Re =——— (2)
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where t,is the auger recombination time and yy is the auger recombination coefficient.

In the process of laser irradiation of diamond, the laser energy is Gaussian distributed in space, so the three-dimensional calculation region of
the two-temperature equation can be simplified to a two-dimensional symmetric region, and because the depth of absorption of the laser energy in
diamond is much smaller than the diameter of the laser spot, so it can be simplified from the two-dimensional region to a one-dimensional region,
and the improved one-dimensional two-temperature model are shown below [15]:
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where C, is the electron heat capacity, C; is the lattice heat capacity, k. is the electron thermal conductivity, v, is electron velocity, 7, is
Electron—phonon coupling time.k; is the lattice thermal conductivity, g is the electron - lattice coupling coefficient, and S is the laser-input heat
source with the following equation:
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where Ej is the band gap energy of diamond and [ is the laser intensity of the incident laser, the laser intensity is Gaussian distributed in time
and space and follows the Beer-Lambert law in depth, the laser intensity is shown in Eq. (8):
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where F is the laser energy density, 7,, is the laser pulse width, and R is the reflectivity of the semiconductor surface to the laser.

Many studies have taken the reflectance R and absorption coefficient a in the two-temperature model as fixed values for the sake of
calculation convenience, while a large number of studies have shown that the absorption coefficient and reflectance of the surface of the material
changed with the increase of the free electron density during the laser processing of semiconductor materials [19]. In order to make the calculation
results closer to the actual situation, we introduced the Drude model [20] to describe the optical properties of the free-electron gas to correct the
surface reflectance. The Drude model can effectively show the relationship between the surface reflectivity of the material and the free electron
density, and the complex dielectric coefficient of the diamond surface under the correction of the Drude model can be expressed as:
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where ¢, and &, are the real and imaginary parts of the complex dielectric coefficient &, respectively, and w,, is the plasma frequency:
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where m, is the electron effective mass and &, is the vacuum dielectric constant. The complex refractive index of the material i = Ve = n +
ik, and the reflectance and absorption coefficient of the diamond surface can be expressed by the Fresnel expression as:
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Then, the two-temperature model modified by the Drude model to account for changes in the optical properties of the material surface is achieved.
2.2 Molecular dynamics model

The molecular dynamics simulation can intuitively observe the microscopic changes of the material in a very short time. The process of
picosecond laser ablation of CVD diamond was simulated by Lammps, and a one-dimensional laser ablation model was established, with a model
volume of 10 nm x 10 nm x 400 nm, in which the volume of the CVD diamond was 10 nm % 10 nm x 200 nm and a vacuum region of 200 nm
existed in the upper part of the diamond model. The length and width directions of the model were constrained by periodic boundary conditions,
with free boundary conditions on the upper surface and absorbing boundary conditions on the lower surface. The micro-canonical ensemble(NVE)
were used in the whole model region, and the interactions between carbon atoms were described by Tersoff potentials[21], and the simulation is
set to have a time step of 1fs.

The simulation model consists of five parts: the vacuum layer, the laser absorption layer, the thermal conductivity layer, the constant temperature
layer and the boundary layer. The vacuum layer allows the laser-abraded diamond to eject atoms and clusters into this region, the laser absorption
layer is the main region where the diamond model absorbs the laser energy, the thermal conductivity layer is used to conduct further absorption
and conduction of the heat transferred down from the absorption layer, and the thermostatic layer employs the boundary condition of energy
absorption to simulate the infinite heat transfer process of the whole system by using the Langevin thermostatic heat bath, and the atoms inside the
boundary layer are designated as ghost atoms, which are used to restrict the model to move in the negative direction of the z-axis. The simulation
model of picosecond laser ablation of CVD diamond is shown in Fig. 1.

Thermostatic layer(16nm) Laser-absorbed layer(100nm)
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Fig.1. The diamond model of molecular dynamics

The simulation of picosecond laser ablation of CVD diamond requires an energy minimisation operation of the model to eliminate the irrational
structures in the model, so the CVD diamond model was subjected to 20 ps of equilibrium relaxation process in the NVT system with a constant
temperature of 300 K prior to the simulation.

Since molecular dynamics cannot describe the change of the free electron density of the material with time during the laser ablation process, the
two-temperature model is coupled with molecular dynamics to perform molecular dynamics simulation of the model. Firstly, the two-temperature
model is solved to obtain the energy transferred from electrons to the lattice during the electron-lattice chirp process of laser ablation of diamond,
and then the laser absorbing layer in the molecular dynamics model of diamond is uniformly divided into 25 layers along the z-axis direction, and
the energy obtained in the two-temperature model is inputted into the laser absorbing layer as a heat source to realise the coupling of the two-
temperature model and molecular dynamics solution.

3. Simulation results and discussion
3.1 Simulation results for the two-temperature model
The change of free electron density during picosecond laser ablation of diamond was simulated by the photoionisation equation, and the

evolution of free electron density with time is shown in Fig. 2(a). The free electron density increases continuously from 10 ps, when the laser
energy density is low, single photon absorption is the main photoionisation mode, at this time the free electron density grows slowly; with the laser
energy density increasing, the free electron density grows significantly faster, at this time two photon absorption is the main photoionisation mode.
Afterwards, the free electron density increases slowly due to the change of surface reflectivity and absorption coefficient, and reaches the peak at
26 ps, after which the free electron density decreases to 3.5xX10%°mdue to the decreasing energy density of the laser as well as the intermittent
composite effect on the diamond surface.
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Fig.2. (a) Evolution of free electron density with time, (b) Evolution of reflectance and absorption coefficient with time; F=1 J/cm?,
Tp=12ps, =0um, z=0pm

The time-dependent changes of the reflectance and absorption coefficient of the diamond surface during the laser ablation process were
calculated by the drude model on the basis of the time-dependent changes of the free electron density, as shown in Fig. 2(b). The reflectance and
absorption coefficient start from 1.2 ps and increase gradually with the increase of free electron density, and the reflectance of diamond surface
reaches the maximum value of 0.69 at 25 ps, at which time the optical property of diamond surface has been transformed from a semiconductor
to a metal, and quite a lot of energy will be reflected by the surface, so that the absorption coefficient of the surface decreases gradually.

The improved two-temperature model was solved by the finite-difference method, and the changes of electron temperature and lattice
temperature with time are shown in Fig. 3. After the laser starts irradiating the diamond surface, the electron temperature of diamond starts to rise
rapidly immediately, and with the increase of the laser energy density, the rising rate of the electron temperature also increases, and the electron-
phonon chirp starts at 19 ps, and the electrons transfer the energy to the lattice through the electron-phonon chirp, and the temperature of the lattice
starts to rise rapidly, and at the same time the rising rate of the electron temperature starts to decrease, and the electron temperature reaches the
peak value of 3873K at 25 ps. The electron temperature reaches the peak value of 3873 K. The electron-phonon relaxation is completed at 60 ps,
and the temperature reaches the equilibrium state, and the equilibrium temperature is 2905 K. The electron-phonon relaxation starts at 19 ps.
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Fig.3. Evolution of electron temperature and lattice temperature with time; F=1 J/em?, 7,=12ps, r=0pm, z=Opm

3.2 Simulation results for the molecular dynamics simulation

The molecular dynamics simulation of laser ablation of CVD diamond at different energy densities was carried out by the TTM-MD coupled
model, and the simulation results are shown in Fig. 4, The blue parts of the figure represent diamond grains, the green parts represent diamond
grain boundaries, and the white parts represent graphite and removed atoms:
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F=7J/cm?,(e) F=10J/cm?, (f) Local magnified picture of Fig. 4b, (g) Local magnified picture of Fig. 4c
When the laser energy density is 1 J/cm? (Fig. 4a), the temperature of diamond increases under the irradiation of the laser and internal stresses
are generated, causing the model to contract and then expand, and there is only slight graphitizing of diamond on the surface and no material

removal occurs. When the laser energy density is 2.5 J/cm? (Fig. 4b), a graphite layer is formed on the diamond surface at the end of laser ablation,

Fig. 4. Atomi

and at the same time graphitizing occurs at the diamond grain boundaries close to the surface, as shown in Fig. 4f. This is due to the fact that the
atomic coordination number of the CVD diamond grains is 4, and the atomic coordination number of the grain boundaries is 3, which makes the
potential at the grain boundaries higher than that at the grains, and the energy required for graphitizing to occur is smaller. Therefore, in the process
of laser ablation of CVD diamond, the grain boundaries will be the first to be graphitized, forming a graphite layer wrapped around the grains, after
which the grain boundaries will continue to expand and the grains will continue to shrink until they are completely graphitized. When the laser
energy density is 4.8 J/cm? (Fig. 4c), with the loading of laser energy, the volume of the model gradually expands, and the depth of the graphite
layer increases, and an obvious flake structure can be observed in the graphite layer part (Fig. 4g). 80 ps later, the surface of the model appears to
be slightly ablated, and the material removal occurs in the form of atomic evaporation, and it can be regarded as the ablation threshold value of 4.8
for diamond. When the laser energy density is 7 J/cm? (Fig. 4d), the depth of the graphite layer of the model is further increased, and the ablation
removal on the surface is more intense, and the removal is still in the form of atomic evaporation. When the laser energy density is 10 J/cm? (Fig.
4e), the model undergoes intense ablation removal, and the form of removal changes from atomic evaporation to phase explosion, and the form of
removed particles changes from single atoms and small atomic clusters to a large number of large atomic clusters.

4. Ablation threshold test for CVD diamond

The ablation threshold test of picosecond laser ablation of CVD diamond was carried out, and the micro-morphology of laser ablation is
shown in Figure 5. Due to the polycrystalline structure of CVD diamond, uneven removal of the diamond surface occurred after laser ablation. The
grain boundaries between the diamond grains were removed before the grains are ablated, and pits are formed on the ablated surface, and graphite
particles are produced in some areas. The diameters of ablation areas of diamond ablated by laser ablation under different powers were counted,
the fitting curves of different ablation area diameters and laser energy density were plotted, and the single-pulse ablation threshold of picosecond
laser ablation of CVD diamond was calculated by area extrapolation, which was 4.53]J.
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Fig. 5 (a) Scanning electron micrographs of laser ablated pits at different laser powers, (b) laser ablated area at a laser power of 4.2w




The 9th International Conference on Nanomanufacturing (NANOMAN 2024)

210 | m  Experimental data poims' 7
Linear fitting curve
200 —
190 B
180 =
a 1
E 70 4
=
o
0 160 4

120 1 1 1 1 1 1 1

34 35 3.6 3.7 3.8 39 4.0 4.1

InQ
Fig. 6 Relationship between laser energy density and square of ablation pit diameter

5. Conclusion

In this paper, the two-temperature model is improved by taking the change of optical properties of diamond surface into consideration, and the
TTM-MD model coupled with the two-temperature model and molecular dynamics is established, where the removal mechanism of CVD diamond
by picosecond laser ablation is investigated by molecular dynamics simulation and the simulation model is verified by the ablation threshold test.
The following conclusions can be drawn:

(1) With the increase of laser energy density, the thickness of the graphite layer produced on the surface of CVD diamond increases continuously,
and the graphite layer firstly grew along the grain boundaries and surround the grains in the graphitization process of CVD diamond. The
graphite layer at the grain boundaries became wider and the grains continued to shrink until completely graphitized.

(2) With the increase of laser energy density, the removal mode of CVD diamond changed from atomic evaporation to phase explosion, and the
removal product changed from smaller atomic clusters to large atomic clusters.

(3) The ablation threshold of CVD diamond processed by picosecond laser with a pulse width of 12 ps is 4.53 J, and the ablation threshold
obtained by the TTM-MD model is 4.8 J. The difference between the two is 5.62%, and the accuracy of the simulation model is verified.
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