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Ultrafast temperature relaxation processes in Au film including two temperature relaxation and thermal
diffusion relaxation with femtosecond laser pulse excitation were investigated numerically by Finite Ele-
ment Method (FEM). With the temperature dependent thermal parameters, the full 2D temperature field
evolution in picosecond and nanosecond domains were obtained. It is proposed that the heat transfer
depth can be alternatively localized or enhanced by the distinct temperature relaxation mechanisms.
Moreover, the effect of laser parameters and Au film thickness and surface reflectivity on the two tem-
perature relaxation time were analysed.
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1. Introduction

With recent progress of laser systems, especially those based on
the Chirped Pulse Amplification (CPA) technique, the laser pulse
duration can be varied from several nanoseconds to about a few
femtoseconds ð10�15 sÞ and the intensity can even be up to
1021 W=m2. The inherent characteristics of femtosecond laser
pulses such as high peak power, short pulse duration and optional
pulse train output can bring in the available advantages of a low
ablation threshold, ultrahigh precision, minimal collateral thermal
damage and large material removal rate in femtosecond laser
material processing [1–6]. For pulsed laser ablation of metals, the
energy relaxation mechanisms perform great disparity for femto-
second and nanosecond pulse duration. In fact, the electron and
phonon relax synchronously for the nanosecond laser ablation,
however, which are out of equilibrium severely for femtosecond la-
ser ablation due to the femtosecond pulse duration is quite shorter
compared to the electron–phonon relaxation time [7–12].

The dominant mechanisms for femtosecond laser pulses inter-
action with metals consist of three stages. The first stage is the
absorption of the laser energy through photon–electron coupling
within the femtosecond pulse duration. It takes a few femtosec-
onds for electrons to reestablish the Fermi distribution meanwhile
the metal lattice keep undisturbed. The second stage is the energy
distribution to the lattice through electron–phonon coupling,
typically on the order of tens of picoseconds. The last stage is the
ll rights reserved.

5.
n).
normal energy diffusion into the bulk through phonon–phonon
collisions, which will dominate the main heat transfer process after
termination of the electron–phonon coupling process.

It is believed that the electron–phonon coupling, also called two
temperature relaxation play an important role in processing of
metallic targets under ultrashort laser pulses irradiation in the
ablation regime [13]. However, the two temperature relaxation
strength varies significantly for different metals and can be influ-
enced by different irradiation conditions [14,15]. Furusawa et al.
analytically investigated the effect of laser pulse duration on the
two temperature relaxation time [16]. Chen et al. presented a tem-
perature dependent electron–phonon coupling strength expression
that can educe the temperature dependent two temperature relax-
ation time [17]. Even so, because of the requirements on fabrica-
tion of super precision functional devices such as photo mask
and integrated optical circuit with the ultrashort pulses laser, the
investigation of more influencing factors for the two temperature
relaxation process are actually urgent for optimal processing of tar-
get material. To our knowledge, a more detailed insight into the
full temperature relaxation processes and the effect such as laser
fluence and film thickness and reflectivity on the two temperature
relaxation are less theoretically investigated so far.

In this letter, we numerically investigated two sequential tem-
perature relaxation processes in Au film target exposed to single
femtosecond laser pulse. The simulated 2D full temperature field
evolution pictures for the two distinct relaxation processes are ob-
tained with the finite element method (FEM). The temperature
dependent thermal parameters for Au target are taken in account
and the ballistic effect is also included in our calculation. The effect
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Fig. 1. 2D temperature field distributions at different time: (a) phonon temperature fields, (b) electron temperature fields, and (c) united electron–phonon temperature fields.
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of laser parameters and Au film thickness and surface reflectivity
on the two temperature relaxation time are carefully analysed,
the results provide the theoretical guidance for optimal processing
of Au film, more generally the metallic targets under the ultrashort
pulses laser irradiation.

2. Modeling and discussion

The well-known two temperature model (TTM) which is origi-
nally proposed by Anisimov et al. is as follows [18]:

Ce
@Te

@t
¼ rðkerTeÞ � gðTe � TpÞ þ Q ; ð1Þ

Cp
@Tp

@t
¼ gðTe � TpÞ; ð2Þ

where the subscripts e and p refer to the electron and phonon
parameters; Ce ¼ Ce0ðTe=T0Þ and ke ¼ k0ðTe=TpÞ is the temperature
dependent heat capacity and heat conductivity, respectively; CP is
the phonon thermal capacity which can be considered as a con-
stant; and g is the electron–phonon coupling strength. The phonon
heat conduction is neglected due to the phonon diffusion time is
quite longer compared to two temperature relaxation time. The
2D energy absorption rate Q is

Q ¼ Sðx; yÞ � TðtÞ; ð3Þ
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Here, R is the Au film surface reflectivity, tp is the FWHM (full width
at half maximum) pulse duration, d ¼ 15:3 nm the optical penetra-
tion depth, and db ¼ 100 nm the ballistic length for Au film. F is the
laser fluence, which can be taken as optional values in our simula-
tion. y0 is the coordinate of the central spot of light front at the
plane of incidence and ys is the profile parameter.

Because of the flexibility of finite element method in dealing
with heat transfer equations, the partial differential Eqs. (1) and
(2) are simultaneously solved by the FEM. The calculation starts
at time t ¼ 0. The initial conditions for both electrons and phonons
are assumed to be room temperature. Thus

Teðx; y;0Þ ¼ Tpðx; y; 0Þ ¼ 300 K: ð6Þ

During the femtosecond-to-picosecond time period, it is reasonable
to assume that heat losses from the metal film to the surrounding as
well as to the front surface are neglected, and the perfect thermal
insulation between Au film with substrate is assumed at the rear
surface. Therefore, the boundary conditions can be written as

@Te=@njX ¼ @Tp=@njX ¼ 0: ð7Þ

Here, X represents the four borderlines of the 2D Au film. The film
thickness and width are taken as 3 lm and 8 lm, respectively. The
other parameters are listed as follows:

k0 ¼ 315 W=ðmKÞ; Ce0 ¼ 2:1�104 J=ðm3KÞ; Cp ¼ 2:5�106J=ðm3KÞ;
g ¼ 2:6�1016 W=ðm3KÞ;
ys ¼ 1:5 lm; y0 ¼ 4 lm; R¼ 0:93;

tp ¼ 65 fs; F ¼ 0:5 J=cm2:

The simulated results of the 2D temperature relaxation evolu-
tion pictures are shown in Fig. 1. It can be seen from Fig. 1a and b
that at time 130 fs, the phonons keep cool, whose temperature is
close to the initial room temperature 300 K. In contrast, the elec-
trons are overheated, the temperature of electrons at the front
surface is 6096 K. The temperature difference between phonons
subsystem and electrons subsystem is very remarkable, it is indi-
cated that the electrons and phonons are out of equilibrium dras-
tically at this time. After 130 fs, the phonons temperature begins
to rise and reaches to 360 K at 1 ps at the front surface of Au film,
meanwhile, the electron temperature at the front surface of Au
film drops to 5848 K. At time 5 ps, the tendency of electrons tem-
perature drop and phonons temperature rise becomes more obvi-
ously, and the maximal temperature for phonons and electrons at
the front surface is 515.2 K and 2979 K, respectively. We notice
that the phonons and electrons temperature fields penetrate into
deeper inner region at this time, which shows the electrons heat
diffusion dominates the evolution during this period.

At time 15 ps, the phonons and electrons temperature fields
form uniform distribution, with temperature of 600 K on the laser
irradiated surface. After 15 ps, the calculation shows that the



Fig. 2. The dependence of two temperature relaxation time on laser duration, film thickness and reflectivity: (a) reflectivity R ¼ 0:90, film thickness d ¼ 3 lm, (b) reflectivity
R ¼ 0:90, film thickness d ¼ 3 lm (c) reflectivity R ¼ 0:90, pulse duration tp ¼ 100 fs, (d) reflectivity R ¼ 0:90, laser fluence F ¼ 0:20 J=cm2, (e) film thickness d ¼ 3 lm, pulse
duration tp ¼ 65 fs, and (f) film thickness d ¼ 3 lm, laser fluence F ¼ 0:25 J=cm2.
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temperature field is severely restrained and localized. In fact, how-
ever, after 15 ps the temperature fields of electrons and phonons
evolve simultaneously, the temperature relaxation is mainly dom-
inated by the thermal diffusion mechanism which is represented
by the following normal Fourier thermal diffusion equation:

C
@T
@t
¼ rðkrTÞ � erðT4 � T4

0Þd
�1
; ð8Þ

where C is the heat capacity of Au in the electron–phonon equilib-
rium state, k is the heat conduction
k ¼ 320:973� 0:0111� T � 2:747� 10�5 � T2

� 4:048� 10�9 � T3; ð9Þ

e is the emissivity taken as 0.03, r is the Stefan–Boltzmann con-
stant, d is the film thickness and T0 is the ambient air temperature
taken as 300 K in room temperature. The last term in Eq. (8) repre-
sents the radiation heat loss to the ambient environment, which
could also be considered as the boundary condition, nevertheless
the heat loss to ambient environment is smaller in our simulation
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due to the slight temperature difference between Au surface and
the ambient air.

The thermal diffusion equation is solved following the two tem-
perature relaxation termination at 15 ps. Fig. 1c shows the simu-
lated results of 2D equilibrium temperature field evolution
pictures at three different time points in nanosecond domain. At
time 1 ns, the maximal temperature at front surface is 466 K,
which is quite lower compared to the electron–phonon equilib-
rium temperature 600 K at 15 ps, and the temperature field pene-
tration is significantly enhanced at this time. At time 10 ns, the
temperature field continues to penetrate into the inside region of
the Au film, the maximal temperature at the front surface and rear
surface become 341 K and 314 K, respectively. At time 20 ns, the
front surface temperature of the Au target decrease to 320.3 K
and the rear surface temperature increase to 317 K. In this way,
the Au target cool down and ultimately the energy in the Au film
gets thermal equilibrium with ambient air.

When the laser energy is high enough, the melting time of me-
tal lattice is less than the two temperature relaxation time, so the
equilibrium heat diffusion relaxation can be omitted safely be-
cause the target material has been removed at the termination of
two temperature relaxation process, the deposited heat energy is
mainly taken away by the vapor and plasma plume. It is implied
that the two temperature relaxation which is responsible for metal
ablation at high laser intensity regime, plays a key role in ultra-
short pulse ablation of metallic films.

In light of the importance of the two temperature relaxation,
and it’s easily subjected to external factors such as laser parame-
ters and material characteristic. In the following, we focus on
investigating the effect of pulse duration, target thickness and
reflectivity on the two temperature relaxation time. The TTM equa-
tions are solved using the FEM considering varying parameters like
laser fluence, pulse duration, metallic reflectivity and film thick-
ness, respectively. The initial and boundary conditions are referred
before. The simulated results are shown as Fig. 2. We can see from
Fig. 2a that for different laser fluences, the two temperature relax-
ation time increase dramatically with increase of pulse duration in
picosecond time domain. However, in femtosecond time domain as
shown in Fig. 2b, there is a slight increase of two temperature
relaxation time with pulse duration. In Fig. 2c, it is shown that
the two temperature relaxation time decrease dramatically with
increase of Au film thickness when the thickness is less than
0.6 lm, once the thickness exceeds 0.6 lm, the two temperature
relaxation time keep constants with values of 12.3 ps, 15.1 ps
and 17.4 ps for three different laser fluences of 0.2 J/cm2, 0.35 J/
cm2 and 0.5 J/cm2, respectively. In addition, the simulation shows
the calculated critical film thickness 0.6 lm is conformable for
the laser threshold fluence. Considering the linear relationship be-
tween laser threshold fluence and the two temperature relaxation
time under the assumption of constant thermal diffusion velocity
[19]. So we reasonably conclude that the threshold fluence is also
not affected by the film thickness when it is larger than 0.6 lm,
which is further validated by the published works [13]. It also been
proved by our simulation can be seen from Fig. 2d that for different
pulse durations of 100 fs, 3 ps and 5 ps, when the thickness is lar-
ger than 0.6 lm, the two temperature relaxation time is also im-
mune to the film thickness. Figs. 2e and f show that the two
temperature relaxation time decrease with increasing the surface
reflectivity for different laser fluences and durations, respectively.
It can be explained as follows: the high reflectivity can cut down
the incidence laser energy into the metallic film, whereas, the low-
er energy results in the smaller two temperature relaxation time,
so a more smooth metal surface, namely the surface with high
reflectivity, leads to the smaller two temperature relaxation time.
It is also suggested that appropriate roughening of the metallic tar-
get surface can result in the increase of the two temperature relax-
ation time, which is beneficial for enhancing the heat penetration
into the inner region of the target material.

3. Conclusion

In this paper, we numerically investigated the ultrafast temper-
ature relaxation processes including two temperature relaxation
and thermal diffusion relaxation. The results showed that the
two temperature relaxation can lead to the localization of the en-
ergy deposition. However, the thermal diffusion relaxation will
make the energy penetrating into deeper region of the target mate-
rial. It is revealed that the effect of picosecond laser pulse on the
two temperature relaxation time is more violent than that of the
femtosecond laser pulse, and the two temperature relaxation time
is immune to the Au film thickness when it is larger than 600 nm.
Moreover, a rough metallic surface can result in a larger two tem-
perature relaxation time, which is beneficial for heat penetrating
into the inner region of the target.
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