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We theoretically investigated the ultrafast non-equilibrium thermalisation dynamics in an Au film
irradiated by a polarization-shaped femtosecond laser double-pulse. A non-equilibrium thermal
relaxation model is proposed to study the relevance of the polarization of the double-pulse energy
that couples to the Au film target. The phonon temperature can be greatly increased by optimizing
double-pulse polarization combinations. The results are explained by an enhanced laser energy coupling
with the Au film due to a synergetic effect arising from pulse-to-pulse polarization relevance. The study
provides a basis for understanding ultrafast thermalisation dynamics for optimizing laser micro- and
nano-fabrications by tailoring the polarization state of temporally shaped femtosecond lasers.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Femtosecond laser processing of materials has been demon-
strated to be a powerful tool in micro-patterning for the fabrication
of micro- and nano-functional devices, such as micro-optical ele-
ments [1,2], microfluidic devices [3,4], and microsensors [5]. Femto-
second laser ablation of materials has significant advantages over
long pulse laser ablation such as high precision, high resolution due
to minimal heating, and little collateral damage produced during
processing [6-8]. In recent years, it has been observed that ablation
accuracy can be deteriorated from the thermal effects that originate
from multi-pulsed ablation using conventional femtosecond lasers
such as a femtosecond laser amplifier [9-11]. It has been explained
through the difference in time scales between the pulse separation
(~ms) for a femtosecond laser amplifier and the characteristic the-
rmal diffusion cycle (ps-ns). As a result, several methods have been
developed to improve processing quality. For example, liquid-assisted
femtosecond laser processing can improve the processing quality
because liquid can effectively reduce the debris generated during
machining processing. However, there are still some inherent pro-
blems that exist in these methods such as the energy loss due to laser
energy-absorption by water, laser light scattering by gas bubbles in a
liquid, and so on [12].

Recently, it was demonstrated that temporally shaped femtose-
cond laser pulses have a large advantage in improving the manu-
facturing quality [13-19]. It is experimentally observed that the
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ablation process can be precisely controlled by optimizing the par-
ameters of pulse train, such as the number of pulses [13,14], the
pulse separation [15], and pulse energy ratio [16]. Jiang et al.
reported that the maximum electron temperature for femtosecond
laser ablation of a metal is decreased and the electron-phonon rela-
xation period is prolonged by using temporally shaped femtosecond
laser pulses [17]. Sim et al. investigated the influence of temporally
shaped femtosecond laser pulses on the optical and thermal pro-
perties during material ablation [18]. Du et al. revealed that femto-
second laser pulses with the optimal separation are largely advan-
tageous for improving ablation efficiency in laser machining [19]. In
fact, the transient electron excitation processes can be relevant to
the laser polarization states. As a result, it becomes urgent to clarify
the basic dynamics during polarization-shaped femtosecond laser
processing of materials. However, it is currently challenging to
understand the characteristics of polarization-shaped laser interac-
tions due to the complex dynamics with respect to pulse-to-pulse
polarization state combinations.

In this paper, ultrafast thermalisation dynamics of an Au film
excited by a polarization-shaped double-pulse is numerically investi-
gated using the finite element method (FEM). With the temperature
dependent thermal properties of the Au film, the 2D temperature field
evolution in the picosecond time domain was obtained. The results
illustrate the dynamics of the energy transfer between the electrons
and phonons for different polarization combinations. This is because
the polarization-dependent reflectivity on the Au film surface, which
can affect the electron-phonon interaction, changes with time. More-
over, the maximum electron temperature, the maximum phonon
temperature, and the two temperature relaxation times can be tuned
by changing the polarization combinations of the double-pulse and
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the incident angle. The results provide a theoretical guideline for opti-
mizing the deposition of laser energy into the Au target for micro- and
nano-fabrication.

2. Modeling and method
2.1. Two thermal relaxation model

The ultrashort laser-metal interaction can be described by the
well-known two temperature model as follows [20]:
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In the above, T, is the electron temperature, T, is the normal-
ized phonon temperature, K.=KoT,/T, is the temperature-dep-
endent electron heat capacity, C.=A.T. is the electronic heat
capacity, C, is the phonon heat capacity, and G is the electron-
phonon coupling strength.

The laser energy absorption rate is written as:

Q=5(xy)-T(t) 3)

For a Gaussian spatial distribution of the laser heat source, S is
the spatial energy absorption rate, given as:
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For a multi-pulse sequence, T is the temporal energy absorption
rate, which can be described as:

N , 2
T(t) = Zexp<—4ln 2(M> ) (5)
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Where ¢ is the optical penetration depth, 6,=100 nm is the
electron ballistic transport length for an Au film, t, is the full width
at half maximum (FWHM) pulse duration, F is incident fluence of
the pulse train, yq is the coordinate of the light front center at the
Au film surface, y; is the profile parameter, N is the pulse number
in a train, and A is the separation between pulses. The well-known
Fresnel formulas give the reflectivity, R, of p and s polarized light
as follow [21]:
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Here, @ is the incident angle, n is the index of refraction, and k is
the extinction coefficient.

2.2. Initial and boundary conditions

The initial temperatures of electrons and phonons are set to
room temperature:

Te(x,y,0) = Tp(x,y,0) =300 K 8)

It is reasonable to neglect heat losses from the surface of the
metal film. Therefore, the boundary conditions can be expressed

as:
oM _om| _, o
onlo  onlg

Here, €2 represents the four boundary lines of the Au film.

3. Results and discussion

The material parameters for the Au film are as follows [22]:
G=26x 10° W(m*K), A.=70]jm* K, Kp=315W/mK, and G,=25 x 10°]/
mP K. The laser parameters we use are A=800nm and t,=100f. The
thickness and width of Au film are fixed at 3 pm and 8 pm.

The 2D non-equilibrium temperature field on an Au film sur-
face irradiated by a polarization-shaped double-pulse with the p—p
polarization combination (the first pulse and second pulse with
the same or different polarization state) is shown in Fig. 1. The
electron and phonon are dramatically out of equilibrium at 300 fs.
The maximum electron temperature on the Au film surface inc-
reases to 6812 K. However, the phonon temperature is undis-
turbed at this time. At 2 ps, the electron temperature drops
sharply and the phonon temperature field distribution becomes
visible because of the persistent electron-phonon coupling pro-
cess. At 3.1 ps, the electron subsystem of the Au film is overheated
and the maximum electron temperature on the Au film surface
climbs sharply to 8965 K. However, the phonon temperature on
the Au film surface goes up to 430 K. The electron temperature
field distribution becomes blurred at 10 ps and the phonon tem-
perature field distribution at this time is more distinct. It takes
approximately 20 ps to reach thermal equilibrium between the
electron and phonon subsystems, and the maximum equilibrium
temperature on the Au film surface is close to 820 K. When the
laser fluence exceeds the damage threshold, the phase transfor-
mations of the heat-affected zone can cause phase explosions
leading to material removal.

Fig. 2 shows the transient responses of the reflectivity irradiated
by polarization-shaped double-pulses with p-p, s-s, s—p, and p-s
polarization combinations. The reflectivity curves exhibit two-valley
profiles for the different polarization combinations. The second
reflectivity valley is lower than the first one. This originates from
the high-temperature electrons excited on the Au film surface after
the first pulse, which help lower the surface reflectivity for the
second pulse [18]. It can be seen in Fig. 2 that the minimum value of
the reflectivity for the p-p polarization combination is lower than
that for the s-s polarization combination. In addition, the minimum
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Fig. 1. The 2D non-equilibrium temperature field on an Au film surface irradiated
by a polarization-shaped double-pulse with the p—p polarization combination. The
incident angle 6=30°, laser fluence F=0.2 J/cm?, pulse duration t,=100 fs, laser
wavelength 21=800 nm, pulse separation A=3 ps. (a) The electron temperature
field. (b) The phonon temperature field.
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Fig. 2. The transient responses of the reflectivity on the Au film surface irradiated by polarization-shaped double-pulses with p-p, s-s, s-p, and p-s polarization
combinations. The incident angle 6=50°, laser fluence F=0.3 J/cm?, pulse duration t,=100 fs, laser wavelength A=800 nm, pulse separation A=3.5 ps. (a) The reflectivity for
p-p and s-s polarization combinations. (b) The reflectivity for s-p and p-s polarization combinations.
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Fig. 3. The maximum electron temperature and phonon temperature on the Au film surface irradiated by polarization-shaped double-pulse with p-p, s-s, s-p, and p-s
polarization combinations. The incident angle 6=70°, laser fluence F=0.1 J/cm?, pulse duration t,=100 fs, laser wavelength 2=800 nm, pulse separation A=2 ps. (a) and
(b) The maximum electron temperature. (c) and (d) The maximum phonon temperature.

value of the reflectivity for the s-p polarization combination is
lower than that for the p-s polarization combination. When the
incident angle is 50°, laser energy can be more easily coupled into
the Au film with a p-polarized laser because the reflectivity irritated
by the p-polarized laser is lower than that irritated by an s-pola-
rized laser. As a result, the electron temperature for the p-p polar-
ization combination is higher than that for the s-s polarization
combination when the incident angle is 50°. For the s—p polarization
combination, the electron state irradiated by the s pulse is too low
to absorb the second p pulse energy efficiently resulting in a red-
uced energy coupling efficiency. In contrast, for the p—s polarization
combination, the excited electrons by the first p pulse may be too
high to reflect the second s pulse energy. However, the energy
coupling efficiency of the s—p polarization is higher than that of
the p-s polarization. Therefore, more p pulse energy couples to the
electron subsystem due to the increase of the absorption coefficient

produced by s polarization. In short, we can control the reflectivity
on the Au film surface by changing the polarization combination.
The maximum electron and phonon temperature on the Au
film surface irradiated by polarization-shaped double-pulse with
p-p, s-S, s—p, and p-s polarization combinations are shown in
Fig. 3. The maximum electron temperature reaches a peak of
7748 K, 4551 K, 6685 K and 5318 K for p-p, s-s, s-p, and p-s
polarization combinations, respectively. The electron temperature
is determined by the absorptive pulse energy. Higher absorptive
pulse energy can lead to a higher electron temperature. The abso-
rbed pulse energy from a single p pulse is more than from a single
s pulse when the incident angle is 70° [21]. For a double-pulse
with p-p polarization, the electron temperature is excited to a
higher state because of the higher energy coupling efficiency.
More laser energy couples with the electron subsystem for the
p-p polarization combination, leading to a higher electron
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temperature than that of other double-pulse polarization combi-
nations. The absorbed energy of the Au film from a double-pulse
with the s-s polarization combination is less than that from
double-pulses with other polarization combinations. As with the
s—p polarization combination, the electron state excited by the
first s pulse is too low to absorb the second p pulse energy. In
addition, the electrons excited by the first p pulse may be too high
to reflect the second s pulse for the p-s polarization combination.
However, the maximum electron temperature for the s-p polar-
ization combination is higher than that excited by the p-s pola-
rization combination when the incident angle is 70° due to higher
energy coupling efficiency. Fig. 3(c) and (d) show that the max-
imum phonon temperature increases dramatically with time when
it is less than 12 ps. After 12 ps, the maximum phonon tempera-
ture of Au film surface is almost constant with values of 659 K,
463 K, 560K and 528 K for p-p, s-s, s-p and p-s polarization
combinations, respectively. The phonon temperature for the p-p
polarization combination is higher than the other polarization
state combinations. This is because the electron temperature for
the p-p polarization combination is much higher than that for
other polarization state combinations. Thus, more energy can be
transferred from the electron subsystem to the phonon subsystem
for the p—p polarization combination by the electron-phonon cou-
pling mechanism. Optimizing the polarization combinations of
polarization-shaped femtosecond laser pulses will be helpful for
improving the efficiency of micromachining.

Fig. 4 shows the maximum electron and phonon temperatures
on the Au film surface as a function of the incident angle for
polarization-shaped double-pulses for s-p, p-s, p-p, and s-s
polarization combinations. The maximum electron and phonon
temperature is independent of the polarization combination for
incident angles less than 10°. When the incident angle is 70°, the
maximum electron temperature on the Au film surface is 9279 K,
7698 K, 11183 K, and 5668 K for s-p, p-s, p—p, and s-s polarization
combinations, respectively. The corresponding maximum phonon
temperature is 779 K, 711 K, 1035 K, and 552 K, respectively. This is
because the electron temperature is determined by the absorbed
energy from the laser that is affected by the polarization-dep-
endent reflectivity of the Au film surface. The energy absorptivity
for different polarization combinations has the same value at the
incident angel of 0°. By changing the incident angle from 0° to 70°,
the energy absorptivity for a single p pulse is increased from 30%
to 55% while the energy absorptivity for a single s pulse decreases
from 30% to 10% [21]. The rate of change of the energy absorptivity
for a single p pulse is higher than that for a single s pulse.
Therefore, total absorptive energy for s-p, p-s, and p—p polariza-
tion combinations increases as the incident angle changes from 0°
to 70°. The absorptive energy for the s—s polarization combination
decreases gradually as the incident angle goes from 0° to 70°. As a
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result, the maximum electron temperature gradually decreases
with incident angle changing from 0° to 70° for the s-s polariza-
tion combination. The maximum electron temperature increases
with the incident angle as it changes from 0° to 70° for other
polarization combinations. In addition, the maximum electron
temperature and phonon temperature change similarly with the
incident angle as it goes from 0° to 70°. This is because the higher
electron temperature can make more heat transfer from the ele-
ctron subsystem to the phonon subsystem, leading to a higher
phonon temperature. These results will be helpful for determining
the optimal conditions for micromachining by controlling the
polarization states of double-pulse and incident angle.

Fig. 5 shows the two temperature relaxation time on the Au
film surface as a function of the incident angle for polarization-
shaped double-pulses with s-p, p-s, p-p, and s-s polarization
combinations. The two temperature relaxation time is defined as
the period of time that energy transfers from the electron sub-
system to the phonon subsystem after femtosecond laser excita-
tions. It is interesting that the different polarization combinations
lead to distinct modifications of the two-temperature relaxation
time. For the s-s polarization combination, the two-temperature
relaxation time decreases with the incident angle as it goes from
0° to 70°. However, the two-temperature relaxation time increases
with the incident angle as it changes from 0° to 70° for all other
polarization combinations. This is because the energy absorption is
determined by the excited electron state. The total absorbed
energy affects the electron-phonon relaxation period according
to the two-temperature model prediction in our previous investi-
gations [19]. It is generally accepted that a shortened electron-
phonon relaxation period leads to a localization of the phonon
energy, which causes a high material removal ratio on the Au film
surface. Therefore, the localization of energy deposition can be
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Fig. 5. The two temperature relaxation time on the Au film surface as a function of
the incident angle for polarization-shaped double-pulses with s-p, p-s, p-p, and
s-s polarization combinations. The laser fluence F=0. 25 J/cm?, pulse duration
t,=100 fs, laser wavelength 1=800 nm, pulse separation A=2.5 ps.
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Fig. 4. The maximum electron and the maximum phonon temperatures on the Au film surface as a function of the incident angle for polarization-shaped double-pulses for
with s-p, p-s, p-p, and s-s polarization combinations. The laser fluence F=0. 15 J/cm?, pulse duration t,=100 fs, laser wavelength 1=800 nm, pulse separation A=2.5 ps.

(a) Maximum electron temperature. (b) Maximum phonon temperature.
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Fig. 6. The maximum phonon temperature on the Au film surface as a function of
the thickness for polarization-shaped double-pulses with s-p, p-s, p-p, and s-s
polarization combinations. The laser fluence F=0. 2]J/cm? pulse duration
t,=100 fs, laser wavelength 2=800 nm, pulse separation A=2.5 ps, incident angle
0=70°.

tuned by optimizing the double-pulse polarization combination
with respect to the incident angle. This opens a new route for
enhancing the optimal laser energy deposition into the Au target
by tailoring the polarization state of a temporally shaped femto-
second laser.

The maximum phonon temperature on the Au film as a
function of the thickness for polarization-shaped double-pulses
with s-p, p-s, p-p, and s-s polarization combinations are shown
in Fig. 6. The maximum phonon temperature decreases gradually
with the increase of the thickness of Au film when the thickness of
Au film less than 0.75 pm. However, the maximum phonon tem-
perature is almost constant when the thickness exceeds 0.75 pm.
For the p—p polarization combination, the maximum phonon tem-
perature is higher than that for other polarization combinations.
When the thickness is less than 0.75pm, the phonon tem-
perature is higher because there is less material initially at room
temperature to absorb energy from the heated zone. Thus, less
thickness leads to a higher temperature rise. When the thickness is
greater than 0.75 pm, the film thickness has little influence on the
maximum phonon temperature. Experiments show that the dam-
age threshold increases with increasing film thickness, which
indirectly demonstrates that the maximum phonon temperature
on the Au film surface decreases with increasing film thickness
when the laser energy is fixed [23]. This verifies the validity of the
simulated results.

4. Conclusion

This study theoretically investigated the ultrafast thermalisation
dynamics in an Au film irradiated by polarization-shaped femtose-
cond laser double-pulses. It is revealed that the phonon temperature
of the Au film excited by a double-pulse with the p-p double-
polarization combination is superior to that from other double-
polarization combinations (s-s, s-p, and p-s polarization combina-
tions). The mechanism that leads to this enhancement is related to
the higher energy absorption efficiency of the double-pulse with the
p-p polarization combination. Further, the two-temperature relaxa-
tion time can be flexibly tuned by using the optimal polarization
combination for a given incident angle. In addition, the maximum
phonon temperature decreases gradually with the increase of the
thickness of the Au film when the thickness of the Au film less than
0.75 pm and the maximum phonon temperature for the p—p polar-
ization combination is higher than that for other polarization combi-
nation. The study provides the basic strategy for improving the

thermalization efficiency of femtosecond high-precision laser fabrica-
tion by tailoring the polarization state of a temporally shaped
femtosecond laser pulse.
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