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Thermal characteristics of double-layer thin film target

ablated by femtosecond laser pulses∗
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Thermal characteristics of tightly-contacted copper–gold double-layer thin film target under ablation of femtosec-

ond laser pulses are investigated by using a two-temperature theoretical model. Numerical simulation shows that

electron heat flux varies significantly on the boundary of copper–gold film with different maximal electron temperature

of 1.15 × 103 K at 5 ps after ablating laser pulse in gold and copper films, which can reach a balance around 12.6 ps

and 8.2 ps for a single and double pulse ablation, respectively, and in the meantime, the lattice temperature difference

crossing the gold–copper interface is only about 0.04×103 K at the same time scale. It is also found that electron–lattice

heat relaxation time increases linearly with laser fluence in both single and double pulse ablation, and a sudden change

of the relaxation time appears after the laser energy density exceeds the ablation threshold.
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1. Introduction

Ultrashort pulsed lasers possess exclusive capabil-
ities in limiting the undesirable spread of the thermal
process zone during laser ablation process. The inter-
action of these laser pulses with metals has been inten-
sively studied in the past two decades. In particular, a
lot of attention has been paid to investigations of the
femtosecond laser ablation of metals.[1−7] Anisimov et
al. put forward a two-temperature model of metal ab-
lation by ultra-short laser pulse[8] and this model has
been widely used for the ultra-short laser processing
of metals. Jiang and Tsai investigated dependence
of Cu target ablation rate on number of double-pulse
under a fixed laser energy density.[9] Dai studied heat
propagation characteristic of double-layer metal film
with finite difference time domain (FDTD).[10,11] Han
et al. observed “window time-domain effect” existing
between ablation and pulse separation while ablating
Cr film with femtosecond double-pulse train.[12]

Multilayer thin films are important components in
many microelectronic devices. Thus the transporta-
tion of thermal energy through thin films is of vital
importance in micro-technological applications. Ex-
ploration of temperature-dependent thermal proper-
ties is necessary to advance our fundamental under-
standing of ultrafast heat transportation. However,
to our knowledge, there are few reports on ablation of

double-layer metal film by use of double laser pulses.
In this paper, we study the temperature-dependent
thermal properties in a double-layer metal thin film
ablated by femtosecond pulsed lasers with the two-
temperature model. Effects of the laser pulse number
(single or double pulses) on electron heat flux spatial
distribution are analysed. Electron–lattice heat re-
laxation times, spatial distribution fluctuation of elec-
tron and lattice temperatures around the boundary of
double-layer film are discussed.

2. Theoretical model

When the laser radiation does not induce the
interband transitions, the laser heating of metals
can be understood as follows. The laser energy
is first absorbed by electrons owing to the inverse
bremsstrahlung and free electron was heated to larger
kinetic energy during several femtosecond. It is fol-
lowed by a fast energy relaxation within the electron
subsystem, thermal diffusion, and an energy transfer
to the lattice owing to the electron–phonon coupling.
Therefore the spatial and the temporal evolution of
the electron and the lattice temperatures (Te and
Tl respectively) can be described by one-dimensional
two-temperature diffusion mode.[13] Consider that a
metal thin film consists of copper and gold layers ex-
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posed to ultrashort pulsed laser from copper layer side,
as shown in Fig. 1.

Fig. 1. Femtosecond laser pulses ablated model of double-

layer thin films.

The two-temperature heat transport equations in
this double-layer metal thin film can be expressed as
follows:[14,15]
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where m indicates a specified metal layer, n is pulse
number, τ is the pulse separation time in double pulse
laser train. The C

(m)
e and C

(m)
l are the electronic heat

capacity and the lattice heat capacity respectively, g

is a parameter of the transfer of energy between the
electrons and the lattice and S is the laser heating
source. The z axis is normal to the ablated target
surface plane. The R(m) and δ(m) are the surface re-
flectivity and optical penetration depth respectively, J

is the laser fluence, tp is the laser pulse width, Q
(m)
e (z)

is the heat flux of electron, k
(m)
e and k

(m)
l are the elec-

tron thermal conductivity and lattice thermal conduc-
tivity respectively, which are dependent on thermal
properties,[16]
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Femi temperature, χ(m) and η(m) are specific con-
stants of materials, all material constants can be seen
in Refs. [16] and [17].

We assume that the interface is perfectly thermal
contact and interfacial conditions are assumed to be
at z = 100 nm, so that
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The initial conditions are assumed for the simulation
to be

T (n)
e (z, 0) = T

(n)
l (z, 0) = T0 = 300 K,

Q(n)
e (z, 0) = Q

(n)
l (z, 0) = 0. (7)

In the process of numerical simulation, the reflec-
tivity of gold film to laser is considered to be zero
on the boundary of copper and gold films as copper
film thickness is far larger than the optical penetration
depth, where there only exists heat transportation as
copper–gold film is tightly thermal contact. In addi-
tion, calculations of thermal parameters of metals are
from Refs. [18] and [19].

3. Results and discussion

3.1. Electron heat flux

The spatial and temporal evolution of the electron
heat flux in copper–gold film irradiated by a single or
double pulse was simulated with laser energy density
of 0.1 J/cm2 with a laser of 100 fs and 800 nm. The
positive heat flux indicates that the heat transition
direction is along the laser propagation, the negative
value indicates the reverse process. After femtosecond
laser pulse irradiation, as shown in Fig. 2, it is inter-
esting to note that the change of electron heat flux
around interface of the double-layer film is different
from other positions for single and double laser pulse,
the electron heat flux rises sharply within the pulse
duration outside the region from 98 nm to 102 nm,
but drops sharply at 102 nm near the interface. As
shown in Fig. 2(a), the electron heat flux at 98 nm rises
slowly below 2.5 ps, and then drops to a heat balance
between two films at 12.6 ps with a zero electron heat
flux. At the position of 102 nm, electron heat flux
drops sharply during the laser irradiation and then
drops slowly within 1 ps, this is because the electron
heat transmission and electron heat flux slowly rise
to heat balance, the time is longer than 1 ps. When
double pulses with a separation time of 1 ps irradiate
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the target, as shown in Fig. 2(b), the electron heat
flux around the boundary of double-layer film reaches
a heat balance at 8.2 ps. Under the pulse laser train
ablation, because the second pulse reheating is com-
pared to the case of single laser pulse, the heat flux
shows two peaks/valleys. This result shows that, with
fixed ablation laser energy, the arrival time (12.6 ps)
of heat balance on the border of the double-layer for
single pulse ablation is much longer than that of dou-
ble pulses (8 ps). With fixed total pulse energy, the
time of electron heat flux around the boundary coming
to zero for single pulse is longer than that of double
pulse. This is due to one single pulse in the double
pulse train is with much lower pulse energy in com-
parison with single pulse case. The electron heat flux
is positive at position of 110 nm for both single and
double pulse cases, and this is normal heat behaviour
while electron transport in the Au film.

Fig. 2. Electron heat flux evolution at different distances

from surface, total laser fluence is 0.1 J/cm2. (a) One pulse,

(b) pulse train (two pulses with separation time of 1 ps).

Figures 3 and 4 show the spatial evolution of
electron and lattice temperatures by a pulse train
ablation with two pulses separated by 1 ps and the
single pulse energy of 0.05, 0.2, 0.5 J/cm2, and at the
time of 0.1 ps and 5 ps after laser pulse interaction.
Insets of Fig. 3 are the zoom-in electron temperature
distributions around the layer boundary. From Fig. 3,
one can see that the maximum temperature difference
at 5 ps after laser ablation is 1.25 × 103 K at the

position of 2 nm from the layer boundary. It is noted
that a dip appears in the electron temperature around
2 nm ahead of film interface and a peak appears be-
hind, and these phenomena become much more obvi-
ous at 1 ps and 5 ps after pulse ablation of the target.

Fig. 3. Electron temperature spatial distribution at differ-

ent laser fluences of 0.05, 0.2, 0.5 J/cm2, inset is the electron

temperature distribution around the interface.

Furthermore, it is obvious that the increase of elec-
tron temperature in the gold side is much larger than
the drop of the electron temperature in the copper
side since, by regarding the gold film, the copper film
works as a heating source and the heat transfers into
the gold film from it. The difference of the tempera-
ture variations in the gold and copper sides is a result
from their different heat capacities. Double dips ap-
pear in the spatial distribution of electron temperature
around the border at 5 ps after the ablation of laser, in
which the first dip is much shallower than the second
ones. This is associated with heating of gold film from
the copper side by the double laser pulses of 1-ps sep-
aration. The second dip is much deeper than the first
one, which might be due to the accumulation of heat-
ing. The electron heat diffusion follows Fourier’s law,
and the temperature fluctuation arisen at the border
from accumulation of heating can be neglected after
50 ps from the laser pulse ablation, because 50 ps is
much longer than the electron–lattice relaxation time
and pulse separation leads to the double pulses func-
tioned as a big pulse. It is found that the electron
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temperature reaches a peak around 3 nm behind in-
terface of two films, and then drops. This can be used
to explain that the electron heat flux within a range of
100 nm to 103.5 nm is negative and becomes positive
beyond this range as shown in Fig. 2.

Regarding the spatial and temporal distribution
of the lattice temperature, shown in Fig. 4, we find
that the maximal temperature difference crossing the
border is 0.05×103 K, which is much lower than that of
the electron temperature (time is 5 ps). There are no
obvious variations at the interface of copper–gold films
in the first 0.1 ps after the laser irradiation. Because
the laser energy is mainly absorbed by free electrons
within a skin layer of copper film, this process takes
several tenths femtoseconds, and the electron temper-
ature rises locally in the beginning. However, it takes
several picoseconds (depends on the laser pulse en-
ergy) for the electron to transfer its energy into the
lattice at the position of 100 nm away from the target
surface.

Fig. 4. Lattice temperature spatial distribution at dif-

ferent laser fluences of 0.05, 0.2, 0.5 J/cm2, inset is the

electron temperature distribution around the interface.

Similarly, a small dip of the lattice temperature
appears also in the copper side when time is longer
than 5 ps, due to its heating action on the gold film,
while an increase of the temperature in the gold film
is also seen. Spatial distribution of the lattice temper-
ature tends to be balanced and it is affected weakly
by the difference of the heat capacities.

3.2. Electron lattice coupling relaxation

time

Electron–lattice heat relaxation time is a domi-
nating parameter for explaining laser–metal interac-
tion. The ablation is called “heat ablation” when the
laser pulse duration used is longer than the electron–
lattice heat relaxation time of metal, and otherwise
the ablation is named as “cold ablation”. Dependence
of the electron–lattice relaxation time at the target
surface on the laser energy density under the cases
of single pulse and double pulse ablations is shown
in Fig. 5. These simulation results show that the
electron–lattice relaxation time in the case of double
pulse is much longer than that in the case of single
pulse case. A much longer relaxation time under the
double pulse ablation is due to that second pulse sees
a heated ablation region caused by the first pulse, and
heat transportation process between electron and lat-
tice is re-established under the interaction of the sec-
ond laser pulse which results in an extended electron–
lattice relaxation time over a single pulse. Simulation
results also show that electron–lattice heat relaxation
time increases with laser energy density.

Fig. 5. Electron–lattice relaxation time of double-layer

films variation with laser fluence. (a) Single pulse, (b)

pulse train (pulse separation time 1 ps).

There are sudden changes in the curves showing
dependence of the electron–lattice relaxation time on
the laser pulse energy density for both single and dou-
ble pulse cases. The sudden changes in the curve
correspond to laser ablation threshold, which gives a
value of 0.14 and 0.128 J/cm2 for a single and double
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pulse cases, respectively. It shows that the ablation
threshold is much lower in the double pulse case. The
reason is that there is a solid–liquid phase transition
on the metal surface[20,21] and vapourization plays a
dominating role while topography changes, causing a
variation of reflectivity and absorption, heat capac-
ity and heat conductivity,[4,22] all of these parameters
have large influence on the electron–lattice heat relax-
ation.

4. Conclusions

Heat transportation behaviour of femtosecond
laser ablation of double-layer metal target is simulated

by using FDTD based on two-temperature model.
Electron heat flux on the boundary of two films varies
significantly under both single and double pulse irra-
diations with fixed laser fluence of 0.1 J/cm2, and it
takes longer time for the electron flux to reach zero in
the case of single pulse than that of double pulse cases.
Lattice temperature variation around the film border
shows much smaller value in comparison with that of
the electron temperature. It is found that electron–
lattice relaxation time increases with laser energy den-
sity linearly. There exists a sudden change after the
laser energy density is higher than the material abla-
tion threshold.
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