JLMN-Journal of Laser Micro/Nanoengineering Vol. 18, No. 2, 2023

Numerical Simulation of Silicon Laser Ablation with GHz Bursts of
Femtosecond Pulses
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We simulate laser ablation of silicon with GHz bursts of femtosecond laser pulses using
COMSOL Multiphysics. The simple model of deformation geometry is considered to simulate laser
ablation and material removal, giving a laser-induced crater after irradiation. We demonstrate that at
the same burst pulse energy a deeper crater is ablated for a GHz burst for larger number of intra-
pulses. Analysis of the temperature evolution of silicon target reveals that during femtosecond laser
irradiation with GHz burst mode, efficient absorption of laser energy occurs due to the heat-
accumulation effect. These simulated results show a good agreement with the experimental meas-
urements and could quantitatively explain the mechanism of silicon ablation enhancement with the

GHz bursts of femtosecond laser pulses.
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1. Introduction

Femtosecond laser processing with high quality and
high efficiency has received great attention for commercial
applications [1-3]. In the last decade, many research efforts
have focused on improving the efficiency of laser-induced
microfabrication by using bursts of femtosecond pulses [4-
10]. In this context, we investigated the femtosecond laser
processing of silicon by utilizing the GHz burst mode and
GHz bursts in MHz bursts (BiBurst) mode to improve the
ablation yield [9, 10]. The experimental results indicated
that the GHz burst mode laser ablation of silicon can pro-
duce deeper craters compared with ablation by the conven-
tional irradiation scheme of a series of single pulses (sin-
gle-pulse mode) at the same total energy deposited on the
target [7-10]. The ablation enhancement can be conceptual-
ly described by efficient absorption of the subsequent laser
pulses in the GHz burst by free electrons excited by the
preceding laser pulses and the heat-accumulation effect [7-
10]. However, to the best of our knowledge, the possible
mechanisms have not yet been completely understood,
which encourages us to investigate it in more detail.

Recently, many research efforts have been carried out
in simulation of silicon laser processing, mainly on the
two-temperature model to describe the heating and ablation
during ultrafast laser irradiation [6, 11-13]. However, pre-
diction of the ablation efficiency using this model requires
a precise analysis of the isotherm distribution of material to
determine the best isotherm which should be similar to the
experimental crater profile [13]. This analysis is particular-
ly difficult and challenging to simulate laser ablation in
burst mode with multiple laser pulses. In the present study,
we simulated the GHz burst mode femtosecond laser abla-
tion of silicon by using COMSOL Multiphysics. The sim-
ple model of deformation geometry enabled us to simulate
profiles of the laser-produced craters as well as the temper-
ature evolution of silicon target during the laser processing.
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We carried out the simulation with the same laser irradia-
tion parameters as the experiments to compare the simula-
tion results with the experimental data published in our
previous work [9]. The simulated results were in a good
agreement with the experimental ones to show enhance-
ment of silicon ablation efficiency with the GHz burst
mode femtosecond laser processing. To investigate the un-
derlying mechanisms of the ablation efficiency enhance-
ment, the temperature evolution of silicon target during the
irradiation process was evaluated. This analysis confirmed
that the heat-accumulation effect and efficient absorption of
laser energy are responsible for higher efficiency in abla-
tion by the GHz burst mode laser processing.

2. Simulation method

Simulation of the laser ablation process was conducted
using COMSOL Multiphysics software based on the finite
element method. The model of deformation geometry was
applied to investigate the material removal and ablation
depth. Figure 1 shows a two-dimensional axisymmetric
geometry that was considered for silicon with a thickness
of 5 um and a diameter of 20 pm in axial and radial direc-
tions, respectively.

The absorbed laser energy of a single burst pulse,
which consisted of a train of femtosecond laser pulses (up
to 25 pulses) at a wavelength of 1030 nm with an interval
of 205 ps corresponding to 4.88 GHz, was assumed as an
incoming heat flux on the silicon surface. We defined the
laser intensity of the GHz burst pulse as [13]:

I(r,z,t) = (1—R) (—ziiuft) B(t) e 20 galz=20) (D
where R is the reflectivity of silicon, Epy is the burst pulse
energy and o is the focused laser spot radius on the surface
of silicon. Moreover, o = agpat Opca Stands for sum of the
coefficients of inter-band absorption by a single-photon and
native free carrier absorption [13].
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Fig. 1 Computational geometry for silicon with a thick-
ness of 5 um and a diameter of 20 pm. The left-hand
side of cross-section shows the mesh structures as
well as the boundary conditions. The laser pulse was
considered as a heat flux at the top surface of sili-
con, whereas zero flux boundary conditions were
applied to the left and bottom boundaries (blue
lines). The color bar represents the value of tem-
perature in K.

The function of B(?) represents the laser energy distribution
of the GHz burst pulse over time defined by [6]:
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with 7 being the pulse width of 220 fs, P the number of
pulses in a GHz burst (intra-pulse number) and A¢ the time
separation between intra-pulses (205 ps). Figure 2(a) de-
picts the temporal distribution of laser energy for a single
GHz burst pulse with P = 10 which consists of a train of 10
identical intra-pulses at a repetition rate of 4.88 GHz. It
should be noted that the peak of function B(?) is normalized
to 1 for single-pulse mode (P = 1) and GHz burst mode
with different P. Moreover, the laser energy is evenly dis-
tributed over the intra-pulses in the GHz burst pulse. There-
fore, for the GHz burst pulse with P = 10 the maximum
value for each intra-pulse in the burst is 1/10.

By considering the GHz burst of femtosecond laser
pulses as a heat source, the model of heat transfer through
thermal conduction was used to obtain the temperature
evolution of silicon during the irradiation process. The heat
transfer model can be expressed by [14]:

pC(T)%—V~(kVT) =0

3)

in which p and k are the density and thermal conductivity
of silicon, respectively. In this equation C(T) represents the
silicon specific heat capacity as a function of temperature,
given by [15]:

C(T)=783.3+(0.1017)T —(9.77x10*)T>

300< 7 <1683 @)

It should be noted that the energy lost by the thermal con-
vection and thermal radiation was ignored in simulations
because of the dominant absorption of laser energy by the
material [13].

As Figure 1 shows, the GHz burst pulse was applied as
a boundary heat flux at the surface of silicon defined by
[16]:
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—n-(kVT) = I(r,z,1) (5)

where n is the normal vector of surface. However, for other
boundaries the thermal insulation and zero flux boundary
conditions were assumed. The overall computational ge-
ometry was discretized using a triangular coarse mesh,
while a finer mesh was employed in the region near the
laser heat source to improve the spatial resolution [17]. To
simulate the material removal using the deformation geom-
etry technique, the energy balance at the surface of silicon
was considered and the normal mesh velocity was deter-
mined by [16, 17]:
_ %
PL,
where v, is the vaporization velocity, L, denotes the latent
heat of evaporation and p is the density of silicon. In this

equation, the ablative heat flux &, can be expressed as
[16, 17]:

vmesh ‘n= vvap (6)

@, =h(T-T) %

with 7, being the vaporization temperature and / an effec-
tive heat transfer coefficient defined by a ramp function.
This ablative heat flux can result in a deformed geometry
due to the surface temperature exceeding the vaporization
threshold and thereby can describe the material removal. In
order to provide comparable results, an optimized heat
transfer coefficient was determined by a best fit of the sim-
ulation result to the measured experimental data for single-
pulse mode at the pulse energy of 0.1 pJ. Then, this opti-
mized parameter was used in the simulation of laser abla-
tion process for a GHz burst pulse with different intra-pulse
numbers and different burst energies. The values of param-
eters used in the simulation including laser parameters,
optical and thermal properties of silicon are summarized in
Table 1.

Table 1 Parameters used in simulation of the laser ablation

process.
Symbol Parameter Value

® Spot size radius 1.9 pm

T Pulse width 220 fs

At Time between 205 ps
intra-pulses (4.88 GHz)

to Peak tihme of the 880 fs (41)

Gaussian pulse
Zo Surface position of 5 pm
silicon

R Reflectivity 0.329

o Absorption coefficient 2 2348 X 10° 1/m

p Density 2330 kg/m3

C(T) Heat capacity Eq (4) J/kg K

k Thermal conductivity 148 W/m K

Ty Ablation temperature 3538 K

Tin Initial temperature 300 K

Ly Latent heat of 1.28 X107 J/kg
evaporation

h Heat transfer 107 W/m? K

coefficient
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3. Result and discussion

Figure 2 shows the simulation results of silicon laser
ablation and crater formation by using a single GHz burst
pulse with P = 10 at the burst pulse energy of 0.1 pJ. As
Figure 2(c) shows, by each intra-pulse irradiation, the tem-
perature of silicon could reach the vaporization point to
ablate silicon. Moreover, the black marked points in Fig.
2(c) indicate the temperatures at the point A in Fig. 2 (b) at
the start time of irradiation of each intra-pulse. These re-
sults clearly reveal that the subsequent intra-pulses contrib-
uted to a gradual increase of temperature in the silicon due
to heat accumulation effect [7]. This may result in an effi-
cient absorption of the laser energy because the absorption

coefficient of silicon can increase with temperature [18, 19].
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Fig. 2 (a) A pulse shape of a single burst of femtosecond
laser pulses with P = 10 with a burst pulse energy of 0.1
wJ at a 4.88 GHz repetition rate. (b) Simulation of silicon
laser ablation by this GHz burst. The central point of laser
spot is shown by point A. The color bar represents the
value of temperature in K. (c) Temperature evolution of
silicon (Point A in (b)) by the irradiation of a single burst
pulse. The temperatures at the point A at the start time of
irradiation of each intra-pulse are shown by the black
marked points in the lower figure which enlarges the pink
color regions in the upper figure.
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The laser ablation process was simulated for GHz bursts
with different P from 1 (single-pulse mode), to 2, 10, 20,
and 25 at different burst energies of 0.1, 0.2 and 0.3 pJ. As
Figure 3 shows, the results indicated that at the same burst
pulse energy a deeper crater was ablated for a GHz burst
with larger P. The numerical results were in good agree-
ment with the experimental measurements for P = 10 and
smaller, demonstrating enhancement of silicon ablation
efficiency with the GHz bursts of femtosecond laser pulses.
However, for P = 20 and 25, there were some differences
between the simulation and experimental results. Specifi-
cally, the simulation results are smaller than the experi-
mental results, and the difference decreases with increasing
the burst energy from 0.1 to 0.3 pJ.
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Fig. 3 Comparison of the experimental and simulated abla-
tion depths for GHz bursts of femtosecond laser pulses with
different intra-pulse numbers of P =1, 2, 10, 20, and 25 at
different burst energies of 0.1, 0.2 and 0.3 pJ.

To identify the cause of these differences, we investi-
gated the evolution of temperatures at the point A in Fig. 2
(b) of silicon target when each intra-pulse was irradiated,
and the corresponding results for the burst energies of 0.1
and 0.3 pJ were presented in Figure 4. For the GHz burst
mode laser ablation with P = 2 and 10 at the burst pulse
energy of 0.1 plJ, silicon temperature at the start time of
irradiation of each intra-pulse (black marked points in the
lower of Fig. 2 (c)) gradually increases up to about 420 and
770 K, respectively (see Figure 4(a)). Meanwhile, for the
bursts with P = 20 and 25, after the 10" intra-pulse irradia-
tion the temperature increases more significantly due to the
heat accumulation effect. As Figure 4(a) shows, the tem-
peratures of silicon at the start time of irradiation of last



JLMN-Journal of Laser Micro/Nanoengineering Vol. 18, No. 2, 2023

intra-pulses were about 1150 and 1296 K when the 20™ and
25% intra-pulses were irradiated on the target, respectively
(see arrow signs in Fig. 4(a)). This can be explained by the
different laser energy transfer during irradiation of the GHz
bursts with different P. In fact, a GHz burst pulse with a
larger P has a lower energy level for each intra-pulse (B(?)
oc1/p). Based on Egs. (3) and (5), a lower energy intra-
pulse could result in a lower temperature gradient and a
lower rate of temperature change over time. It should be
noted that the corresponding temperatures for higher GHz
burst energy of 0.3 pJ are lower than those for 0.1 pJ. Since
a higher temperature gradient can be achieved by increas-
ing the energy of burst pulse, resulting in a higher heat
transfer rate. For this reason, during each intra-pulse irradi-
ation the temperature was changed at a higher rate to give
rise to the improved ablation efficiency.
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Fig. 4 Temperature evolution of silicon in the GHz burst
mode laser ablation with P =2, 10, 20, and 25 when each
intra-pulse was irradiated on the target for burst energies
of (a) 0.1 and (b) 0.3 pJ. The lowers are an enlargement
of the pink area in the upper figures.

We further simulated the ablation depth at larger burst
pulse energy to compare the experimental results. Figure 5
shows the simulated ablation depth versus burst pulse ener-
gy for the GHz burst with P = 25. As this figure shows, the
ablation depth of silicon increases as the burst pulse energy
increases. We quantitatively obtained a good agreement
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with the experimental results for ablation depth as well as
crater profile on silicon (see Figure 6), and better agree-
ment was achieved at larger burst pulse energy. This may
be caused by different temperature changes of silicon dur-
ing the ablation process. As can be seen in Figure 7, the
temperature evaluation analysis revealed that the rate of
silicon temperature rise decreased with an increase in the
burst energy from 0.1 to 1 pJ. The magnitude of silicon
temperature at the start time of last intra-pulse in the burst
with P = 25 was decreased to approximately 880 K for the
burst energy of 1 puJ from 1296 K for 0.1 pJ energy (see
arrow sign in Fig. 7(a)). This was also demonstrated by
considering the temperature evolution at the deepest points
of ablated surfaces which was presented in Figure 7(b).
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Fig. 5 Comparison of the experimental and simulated
ablation depths for a GHz burst with intra-pulse number
of P = 25 at different burst energies. The error bars show
standard deviations for experimental data at the burst
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Fig. 6 Cross-sectional view of a simulated crater with
corresponding isotherm curves formed by a GHz burst
with P = 25 and burst pulse energy of 1 pJ. The experi-
mental result is also shown with a blue solid line.

These results suggested that the difference between
simulation and experimental results could be due to the
temperature dependence of absorption coefficient. Indeed,
we defined a constant absorption coefficient for silicon in
the simulation. However, the absorption coefficient of sili-
con could increase with temperature up to its melting point
(1638 K), especially for temperatures exceeding 1000 K.
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Fig. 7 (a) Evolution of temperature increase rate of silicon
at (a) the point A and (b) the deepest points of ablated
surfaces by a GHz burst with P = 25 at the burst ener-
gies from 0.1 to 1 pJ.

This was confirmed by a theoretical model predicting the
absorption coefficient of silicon as a function of tempera-
ture at the wavelength of 1064 nm as described by [19]:

a=12991exp(48 x 1073 T) —

52.588 exp(—2.3 X 107* T) (8)

where T is temperature. Based on this model, as shown in
Figure 8, the absorption coefficient of silicon would in-
crease significantly with temperature and should be consid-
ered for more precise interpretation of results. There are no
data on temperature dependence of absorption coefficient
at the wavelength of 1030 nm available. It is, however,
expected that the absorption coefficient of silicon at 1030
nm would increase with temperature similar to that found
for 1064 nm, since both the wavelengths of 1064 nm (1.16
eV) and 1030 nm (1.2 eV) are close to the indirect bandgap
of silicon (1.12 eV) [9]. Another possibility for the increase
of absorption coefficient is absorption of the subsequent
intra-pulses in the burst by free electrons generated by the
preceding intra-pulses, as we previously suggested [9, 10].
However, the lager pulse energy can generate more free
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electrons which should induce larger absorption. This fact
cannot explain the discrepancy between the experimental
and simulation results at lower burst pulse energy shown in
Fig. 5. Therefore, the increase of absorption coefficient by
temperature increase may be more likely to explain the
discrepancy.

Therefore, it could be concluded that the enhancement
of ablation efficiency of silicon in the GHz burst mode la-
ser processing was more dominantly originated from the
efficient absorption of subsequent laser pulses in the GHz
burst because of the heat-accumulation effect. Especially,
for GHz burst with larger P of 20 and 25 the temperature
dependence of silicon absorption coefficient could be ex-
pected to play significant role in the absorption of laser
energy and ablation enhancement.
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Fig. 8 Temperature dependence of absorption coefficient
of silicon.

4. Conclusion

This study presented a numerical simulation of the GHz
burst mode femtosecond laser ablation of silicon with dif-
ferent number of intra-pulses using COMSOL Multiphysics.
The simple model of deformation geometry predicted the
ablation depth as well as profiles of the laser-induced cra-
ters with a quantitatively good agreement with the experi-
mental measurements. The results demonstrated that laser
ablation of silicon with the GHz bursts of femtosecond
pulses could improve the ablation yield. Analysis of the
temperature evaluation of silicon revealed that the ablation
enhancement was more dominantly originated from effi-
cient absorption of subsequent intra-pulses in the GHz
burst because of the heat-accumulation effect. In this con-
text, temperature dependence of silicon absorption coeffi-
cient may play major role in the efficient absorption of la-
ser energy for GHz bursts with high intra-pulse numbers.
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