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Effect of ballistic electrons on ultrafast thermomechanical
responses of a thin metal film*
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The ultrafast thermomechanical coupling problem in a thin gold film irradiated by ultrashort laser pulses with different
electron ballistic depths is investigated via the ultrafast thermoelasticity model. The solution of the problem is obtained by
solving finite element governing equations. The comparison between the results of ultrafast thermomechanical coupling
responses with different electron ballistic depths is made to show the ballistic electron effect. It is found that the ballistic
electrons have a significant influence on the ultrafast thermomechanical coupling behaviors of the gold thin film and the
best laser micromachining results can be achieved by choosing the specific laser technology (large or small ballistic range).
In addition, the influence of simplification of the ultrashort laser pulse source on the results is studied, and it is found that
the simplification has a great influence on the thermomechanical responses, which implies that care should be taken when
the simplified form of the laser source term is applied as the Gaussian heat source.
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1. Introduction

The investigation of interactions between femtosecond
lasers and thin metal films is drawing increasing attention.!!!
For femtosecond pulses, it has been assumed that the laser en-
ergy is primarily absorbed by the free electrons that are con-
fined close to the surface. Hence, a strong nonequilibrium be-
tween the energy carriers, namely, the electrons and phonons,
is created in this process. In this highly nonequilibrium state,
ballistic motion of electrons into deeper parts of the sample
with velocities close to the Fermi velocity will take place. The
ballistic energy transport occurring before the thermalization
of the electron gas has been found to play an important role
in the initial energy redistribution in targets irradiated by fem-
tosecond laser pulses.3-¢!

Due to the complexity of the process of ballistic electrons
transport, most investigations cannot offer the non-equilibrium
electron distributions in the sample exactly. It is a good choice
to add the ballistic range to the laser penetration depth in
the laser source term to incorporate this effect of ballistic

electrons, [*71%1 a5 given below:
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where x; is the transmission depth of the laser, Jj is the laser
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fluence, R is the reflection coefficient of the laser pulse, 7, is
the laser pulse duration and constant, and 3 is equal to 4In(2).
Here Apay is the ballistic range. However, the ballistic range
has taken different values from tens of nanometers to hundreds
of nanometers for the same material in different works. In
some works, equation (1) is simplified as follows:

In fact, the ballistic range can take different values for dif-
ferent laser types, such as CO; lasers (gas lasers), fiber lasers,
Nd:YAG (crystal lasers). According to the work of Thomsen et
al.,""" the laser penetration depth (x; + Ayq)1) can be estimated
by

A
X+ Aball = pp— 3)

where A is the wavelength of the laser and k is the imaginary
part of the refraction index of the thin film. Due to the sig-
nificant difference of laser wavelength between different laser
types,!'?! the laser penetration depth can be varied from a few
nanometers to several hundred nanometers.

The main aim of this work is to investigate the effect of
ballistic electrons on ultrafast thermomechanical coupling be-
haviors and the influence of simplification of the laser source
term. The numerical results can provide a theoretical guid-
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ance for choice and application of the laser type against dif-
ferent engineering requests. The ultrafast thermoelasticity
(UTE) model developed by Chen et al.!'3! extending the dual-
hyperbolic two-temperature and hot-electron blast model!'!
is applied to study the ultrafast thermomechanical behaviors
of a gold film subjected to femtosecond laser heating in the
present work. The finite element method is applied to solve
the problem in the present work due to the successful usage of
finite element method in the investigations of thermomechan-
ical responses of metallic films under ultrashort pulse laser

heating.[1>-16]

2. Mathematical model

An immense homogeneous, isotropic, gold thin film (0 <
x < L, L is the film thickness, L = 2 pum) whose surface is
heated by laser beams of radius rg is considered in this work
(ro >> L). In view of the fact that ultrafast deformation takes
place in a very short period of time, it is assumed that both
the thermal transport and the lattice deformation do not occur
immediately in directions normal to the thickness direction.
Therefore, within the heated spot the thermal transport can be
treated as a 1D process and the mechanical response is in a
state of uni-axial strain but 3D stress.[!>-1°]

The field equations of the ultrafast thermoelasticity
(UTE) model developed by Chen et al.!'3! extending the
dual-hyperbolic two-step heat transfer and hot-electron blast
models!'* are given as follows:
heat conduction equations

Te (Te)Qe+Qe: —-K. (TC7TI)VTCa “4)
g +q=—-KVT, 5
Ce(Te)T: = —Vg. — G(T. — T) + 0, (6)
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constitutive equation
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equations of motion
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strain—displacement relations
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In the above equations, T. = 1/(A.TZ +BiT;), Ce(T:) =
Ce0T:/ Ty, Cep is the electron specific heat at Ty. Ke(T.,Tj) =
KeoT:/Ti, Kep is the electron thermal conductivity at Tp. V is
the gradient operator. In the equations, a comma followed by
a suffix denotes the material derivative and the superposed dot
denotes the derivative with respect to time.

For a solid medium irradiated by a Gaussian laser beam,
the volumetric laser heat source Q(x,¢) without ballistic range
in Eq. (10) is expressed in the 1D form

0(x,1) = \/EJO ltp_st exp [— (;) —B (;—2)2] e,

The laser power outside the period of the lasing time assumed

here is ignored because of the small amount of energy.

When the effect of the ballistic electrons is considered,

the Gaussian laser source term can be changed to!*7-1°]

_ B S
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The simplified form of the Gaussian laser source term with the

effect of the ballistic electrons is as follows: 7}
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Under the uniaxial strain condition
& # 0,6y =€, =6y=6;=¢,;=0, (14)
the three normal stress components become
Oxx = (/14'2’»1)”)6,)67'}/(71771))7 15)
Oyy = Oz = Aty — Y(Ti — Tp). (16)
From the preceding description and the problem we will
consider, the initial and boundary conditions may be expressed
as follows:
initial conditions (¢ = 0):
Uy (x,O) = Uy (X,O) =0,
Te (X,O) =T (X,O) = To,
Oxx (x,0) = 0;

boundary conditions (x = 0):

B (Ovt) ={e (L7t)
q1(0,1) = q1 (L,1)
0. (0,1) = 6, (0,L) = 0.

207
207

3. Solutions of the finite element equations of
problem

According to the heat conduction equations, equations of
motion, constitutive equations, and boundary conditions, us-
ing the generalized variational principle, we obtain at any time

/v [5{8}T ({c} +2A{Te}T{Te})
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At the right side of the above equation, T’, e, and g are the
external force vector, the external electron heat flux, and the
external lattice flux vector, respectively. Then the finite ele-
ment governing equations can be established and solved in the
time domain directly by associating with the corresponding
initial conditions and boundary conditions.

4. Results and discussion

Due to the ultrashort interaction time, the thermal loss at
the surface of the gold film is ignored in all the calculations.
The temperature-dependent thermal conductivity and heat ca-
pacity of the gold electron are given in the previous section.
All thermophysical properties of gold used in the modeling
are as follows:

p=19300kg-m~>, Cop=2.1x10*J-m3-K!,
G=26x10°W-m3.K', A=70J-m3 K2,
o =142x10 K™, keg=k=315W-m . K!,
Ac=12x10"K 257!, Bj=123x 10" K !.s71,
E=749GPa, v=042, 1,=38.7ps, R=0.93,
x, =153 nm, Jy=20001J/m’.

First of all, we make the validation of the finite ele-
ment method applied in the present study and the problem
in Ref. [10] is reinvestigated. Figures 1 and 2 compare the
numerically predicted electron and lattice temperatures with
those of Ref. [10]. It is found that the electron and lattice tem-
peratures predicted by the finite element method agree very
well with those in the reference.
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Fig. 1. (color online) Electron temperature profiles for a 100-nm gold film
heated by a 100-fs laser pulse of Jo = 10 J/m?.
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Fig. 2. (color online) Lattice temperature profiles for a 100-nm gold film
heated by a 100-fs laser pulse of Jo = 10 J/m?.

4.1. The effect of ballistic electron on the thermomechani-
cal response

Figure 3 shows the electron temperature at the top surface
under different ballistic ranges: (a) without ballistic effect; (b)
Abarl = 105 nm; (c) Apan = 500 nm. The highest electron tem-
peratures of the three cases are 8.51 x 10° K, 4.94 x 10 K, and
2.67 x 103 K, respectively. The highest electron temperature
decreases with the increase of the ballistic range, this is due to
the fact that the optical penetration depth of the laser pulse is
large and the laser energy is dispersed spatially; the total op-
tical penetration depths of the three laser pulses are 15.3 nm,
120.3 nm, and 515.3 nm, respectively.

—— without ballistic effect
- — = ballistic range A,y = 105 nm

—-—- ballistic range A1 =500 nm

Electron temperature/10° K

A R B B
20 30 40 50

Time/ps

Fig. 3. (color online) Electron temperature at the top surface versus time
under different ballistic ranges. The top surface is the surface irradiated by
the laser pulse.

Figure 4 shows the spatial distributions of electron tem-
perature with different ballistic ranges at several time points.
With the increase of the ballistic range, the electron tempera-
ture near the top surface decreases whereas the electron tem-
perature of deep region in the film increases. When the bal-
listic range increases, the laser energy can be transferred to
the deeper region of the film. Since the total laser energy is
constant, the electron temperature in the thin film is affected
by the ballistic range; the larger the ballistic range, the lower
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the electron temperature near the top surface, and the higher
the electron temperature in the deep region of the thin film, as
shown in Fig. 4. These results show the effect of the ballistic
electron has a great influence on the electron temperature.
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Fig. 4. (color online) The spatial distributions of electron temperature
with different ballistic ranges at several time points: (a) 1.0 ps, (b) 5 ps,
(c) 50 ps.

The spatial distributions of the phonon temperature with
different ballistic ranges at several time points are shown in
Fig. 5. Similarly, with the increase of the ballistic range, the
phonon temperature near the top surface decreases, whereas
the phonon temperature of deep region in the film increases.
Additionally, the highest phonon temperature in the thin film
decreases when the ballistic range increases. These results fur-
ther show that the electron ballistic effect can influence the
utilization of the laser pulse technology. Based on these re-

sults, we can choose the specific laser technology (long or
short wave) to meet the special engineering requirements.

450
<
T 400
—
=]
5
[}
—
5]
3
g 350
3
)
3]
£
hed
@
= 300
[T TR TR T N ST SR SN T NN SR SR ST SR N S S S
0 500 1000 1500 2000
Z/nm
b
450 —— Apan =20 nm (b)
[ - == Apan =50 nm
3 L Aban = 105 nm
% 100 F \\ —-=- Apai =200 nm
3 F =500 nm
— -
a Eoe t=10.0 ps
g L
L 350 F
o L
O L
B L
-~ = -
@ F . TTteeee L.
= 300 e TNt
| S TR SR R
0 500 1000 1500 2000
Z/nm
450 [ — Apan =20 nm (c)
M :— - Al)all =50 nm
E R Apai = 105 nm
f:; 400'_— —-—- Apan = 200 nm
g 3 —-+=+ Apan =500 nm
g L. N t=50.0 ps
8 L
o 350
S L
e} L
e
< L .
— L i Tmeeall ————
300 L L
| S T RS S S ST T R
0 500 1000 1500 2000
Z/nm

Fig. 5. (color online) The spatial distributions of phonon temperature with
different ballistic ranges at several time points: (a) 5.0 ps, (b) 10 ps, (c)
50 ps.

Figure 6 illustrates the spatial distributions of the hot-
electron blast force (2AT, (9T, /dz))!'%!!) with different bal-
listic ranges at several time points. From Fig. 6, it is seen
that the hot-electron blast force in the thin film decreases dra-
matically with the increase of the ballistic range and the hot-
electron blast force is confined in the small region near the top
surface, which indicates that the electron ballistic effect has a

significant influence on the hot-electron blast force.
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Fig. 6. (color online) The spatial distributions of hot-electron blast force
(2AT.(9dT./dz)) with different ballistic ranges at # = 0.25 ps.
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Fig. 7. (color online) The spatial distributions of stress with different bal-
listic ranges at several time points: (a) 5.0 ps, (b) 50 ps, (c) 80 ps.

The spatial distributions of stress with different ballistic
ranges at several time points are shown in Fig. 7. With the

increase of the ballistic range, the highest absolute value of
stress in the thin film decreases whereas the region disturbed
in the film increases. This is due to the fact that the laser en-
ergy diffuses into the deep region of the film when the ballistic
range increases. These results show that the electron ballis-
tic effect can influence the stress distribution of the thin film.
It can be deduced that according to different engineering re-
quirements, different laser types can be utilized to achieve the
best machining results.

Figure 8 shows the spatial distributions of displacement
with different ballistic ranges at several time points. Similarly,
with the increase of the ballistic range, the highest absolute
value of displacement in the thin film decreases whereas the
region disturbed in the film increases. These results further
show that the electron ballistic effect can influence the thermo-
mechanical behaviors in the thin film. It further demonstrates
that the best machining results can be achieved by choosing
the specific laser technology.
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Fig. 8. (color online) The spatial distributions of displacement with differ-
ent ballistic ranges at several time points: (a) 50 ps, (b) 80 ps.

4.2. The influence of simplification of laser source term on
the thermomechanical response

The spatial distributions of electron temperature, phonon
temperature, stress, and displacement in the gold thin film un-
der two conditions of ballistic range Ay, = 105 nm and sim-
plified form Ay, = 105 nm at several time points are shown in
Figs. 9-12, respectively. The simplification of the laser source
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term makes the thermomechanical responses increase signifi-
cantly, which shows that the simplification of the laser source
term has a great influence on the thermomechanical responses
of the thin film. This implies that care should be taken when
the simplified form of the laser source term is applied as the

Gaussian heat source.
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Fig. 9. (color online) The spatial distributions of electron temperature un-

der two conditions of ballistic range Ay, = 105 nm and simplified form

Apail = 105 nm at several time points.
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Fig. 10. (color online) The spatial distributions of lattice temperature un-
der two conditions of ballistic range Ap,; = 105 nm and simplified form
Apan = 105 nm at several time points.
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Fig. 11. (color online) The spatial distributions of stress under two condi-
tions of ballistic range Ap,; = 105 nm and simplified form Ay = 105 nm
at several time points.

| e TEEEI oo
0 7 ',
L ,l/
’ 1
g .
= ,' — 10 ps
= ' ---50ps
g ! —— 10 ps gsimpliﬁedg
g -2 | - - - 50 ps (simplified
g |
2 I
4 !
A i
1
]
— 4t
] I T TR TN TR [N TR ST TR N NN TR TN RN SR N SR SR ST
0 500 1000 1500 2000
Z/nm

Fig. 12. (color online) The spatial distributions of displacement under
two conditions of ballistic range Ay, = 105 nm and simplified form
Apail = 105 nm at several time points.

5. Conclusion

The effect of ballistic electrons and the influence of sim-
plification of the laser source term on ultrafast thermomechan-
ical coupling behaviors are studied by using the finite element
method to investigate the ultrafast thermomechanical coupling
response of a gold film impacted by different laser pulses. The
results of this study show that the effect of ballistic electrons
has a significant influence on the ultrafast thermomechanical
coupling behaviors of the gold thin film and the simplifica-
tion has a great influence on the thermomechanical responses.
We conclude that with the increase of the ballistic range, the
thermomechanical coupling response near the top surface de-
creases whereas the region disturbed in the film increases as
well as the thermomechanical coupling response of the deep
region in the film increases. Additionally, the simplification of
the laser source term has a great influence on the thermome-
chanical responses of the thin film and care should be taken
when the simplified form of the laser source term is applied.
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