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Short-Time Thermal Effects on Thermomechanical
Response Caused By Pulsed Lasers
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An ultrafast thermoelasticity model is proposed to analyze the heat transport and thermomechanical phenomena
in metal films heated by femtosecond laser pulses. It covers 1) the dual-hyperbolic two-step heating process in
thermal transport, 2) the hot-electron blast effect in momentum transfer, 3) the coupling effect between lattice
temperature and strain rate, 4) the thermal stress relaxation effect, and 5) the volumetric absorption of laser
beam energy. The coupled transient thermoelasticity equations are solved with a nonconventional finite difference
scheme. Numerical analysis is performed for gold films under the conditions of uniaxial strain and uniaxial stress,
respectively. The effects of the heat-flux relaxations in electrons and the lattice, thermal stress relaxation, hot-
electron blast force, and thermal-mechanical coupling are investigated.
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thermal expansion coefficient

46n(2), a constant

increment

Kronecker delta

strain

temperature ratio to Fermi temperature
constant in hot-electron blast force
Lamé constant

= shear modulus

&
I

S~ QAW
Il

S

NNwxS x
I

=S
<SS
I nn

TS0 SR K N i
I

Received 10 December 2001; revision received 3 June 2002; accepted for
publication 19 August2002. Copyright © 2002 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay
the $10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rose-
wood Drive, Danvers, MA 01923; include the code 0887-8722/03 $10.00in
correspondence with the CCC.

*Laser Effects Research Branch, Directed Energy Directorate, 3550
Aberdeen Avenue SE.

James C. Dowell Professor, Department of Mechanical and Aerospace
Engineering; TzouR @missouri.edu.

35

I = artificial viscosity

o = mass density

o = stress

T = relaxation time

XN = constants in electron thermal conductivity
wp,w, = constantsin artificial viscosity

Subscripts and Superscripts

e = electron

F = Fermi

i,j,k = componentsx,y,orz
[ = lattice (phonon)

s = thermal stress

Introduction

ECAUSE of the advantages of much lower fluence needed to

accomplish ablation'~* and considerably sharper contour be-
ing achievable >>~7 research of subpicosecond pulse laser ablation
has received great attention in the past decade. Under a localized
heating of sufficiently high intensityin an extremely short time inter-
val, plasma is produced, but hydrodynamicmotion in the material is
negligible” Postexperimental examination shows that a thin layer
of material shatters from the heated surface of the bulk material
without a clear signature of thermal damage.>*~" It is believed that
the ultrafast damage to metals could involve a “cold” (mechanical)
destruction as a result of large lattice deformation and/or “hot” de-
struction from melting and vaporization® To establish guidelines
for appropriate beam settings and control the material processing
or nondestructivedetecting, accurate description of the temperature
fields and the thermal stress waves resulting from ultrashort laser
heating is of importance.

Numerous theoretical studies have been conducted to investigate
thermoelastic waves in metals generated by short-pulsedlaser heat-
ing. The simplest approachs to solve the classical thermomechan-
ical equations, with or without the consideration of the coupling
effect between temperature and strain rate.”~!'? Because this is not
a review paper, only typical references are cited in this work. Be-
cause the energy equation does not include the thermal inertia term,
the classical thermomechanics approach is adequate only for the
laser pulse duration longer than a few nanoseconds. When the laser
pulse duration is on the order of the phonon (lattice) relaxation
time (in a few to tens picoseconds for metals), the non-Fourier
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effect has to be incorporated so that the temperature field can be
properly characterized. To do so, extensions of the classical the-
ory by including the relaxation effects have been proposed, such
as 1) Lord and Shulman theory,”® 2) Green and Lindsay theory,'*
3) Green and Naghdi theory,'> 4) Hetnarski and Ignaczak theory,'®
and 5) the dual-phase lag theory.!” These generalized theories are
categorized as hyperbolic thermoelasticity!®=2° Applications of
these hyperbolic thermoelasticity theories can be found in many
works.2!=24

When the laser pulse duration is shorter than the phonon relax-
ation time or even shorter than the electron relaxation time (in sub-
picoseconds for metals), the one-temperature hyperbolic thermoe-
lasticity theoriesoftenfail to describethe ultrafastheatingbehaviors.
Because the heating time is so short, the metal lattice essentially re-
mains thermally undisturbed during the laser irradiation. Thus, how
to apply the laser energy to the material becomesa challengingprob-
lem for the one-temperature theories except for the dual-phase lag
model."” This situation has created a need for a high-fidelity model
that can capture the thermal transportbehavior and predict the accu-
rate thermomechanicalresponse for ultrafastlaser interactions with
solid matter.

In fact, ultrafast thermal transport is a two-step, nonequilibrium
process.? In the first step the incident laser energy is absorbed pre-
dominantlyby electronsduring the photonexcitation. This electron-
heating process is limited to the optical penetration (skin) depth.
During the second step, a portion of the electron thermal energy
diffuses, through electrons, into a deeper region of electrons and
a part of the electron thermal energy transfers to the neighboring
lattice. Because the heat capacity of electrons is about two orders of
magnitude smaller than that of a metal lattice, the electrons could
shoot up to a very high temperature while the lattice remains cold.
The nonequilibrium thermal transport process continues until an
equilibrium, steady state establishes.

Picosecond time-resolved x-ray studies have revealed severe lat-
tice expansion in laser-heated thin gold crystal via the shift of
the time-dependent x-ray rocking curve,**?’ which, in essence,
motivates the present study. Besides the thermal load resulting
from nonuniform lattice temperature, there is another important
load generated from nonequilibrium hot electrons,? which has not
been consideredby classical and hyperbolic thermomechanics. This
hot-electron blast force is found to be linearly proportional to
the gradient of electron temperature squared. As a result of the
great electron temperature confined in the skin depth (in submi-
crons for metals), the hot-electronblast force could be considerably
large and cause severe lattice deformation®?*?° In this work an
ultrafast thermomechanical model is proposed to investigate the
heating response of metal films subjected to femtosecond laser
pulses. This model modifies the dual-hyperbolic two-temperature
theory®® for describing electron and lattice temperatures and in-
corporates the hot-electron blast force® into the momentum equa-
tions for modeling thermomechanicalresponse. It also includes the
thermal stress relaxation effect,'* the thermal-mechanical coupling
effect, and the volumetric absorption of laser beam energy. Be-
cause of the strongly temperature-dependert thermophysical prop-
erties, the coupled time-dependent partial differential equations
are solved with a nonconventional finite difference scheme, with
which the temperatures and displacements are evaluated at the
grid points and the heat fluxes and stresses are calculated at the
halfway point location between two grid points. Numerical anal-
ysis is performed with gold films under the condition of uniaxial
strain but three-dimensional stress and the condition of uniaxial
stress but three-dimensional strain, respectively. The effects of the
heat-flux relaxationsin electrons and the lattice, thermal stressrelax-
ation, hot-electronblast force, and thermal-mechanicalcoupling are
investigated.

Mathematical Formulation

A homogeneous, isotropic, thermoelastic metal material is con-
sidered in this work. In the absence of body force, the equations of
motion and the energy balance equation in the classical thermoelas-
ticity are given as®!

pii; = Oji,j (D
CT = —qux — Gr+2waTyéy + S )
with the constitutive laws for stress and heat flux,
0;; = 21&;j + Aeedi; — BA + 2w (T — Tp)d; 3)
g = —KT, )
as well as the strain-displacementrelations,
g =5+ u;;) (5)

The repeated index represents summation. The comma and overdot
denote derivatives with respect to the spatial coordinate and time,
respectively.

For an ultrashortlaser heating process the phenomena of thermal
and momentum transfers are different from those described by the
preceding classical thermomechanics. In fact, the ultrafast thermal
transport is a two-step process, as mentioned earlier. To describe
the thermal transport behavior, several two-step heating models,
whichare able to characterizethe electronand lattice temperaturesin
metals, have been proposed >332 Among which, the most general,
dual-hyperbolic two-temperature model®® is modified in this study.

Because the heating process takes place in such a short time pe-
riod, it is expected that the thermodynamic states have no sufficient
time to achieve equilibrium before they move on in the time history.
Two of the natural consequences from the nonequilibriumprocess,
which are of interest here, are on the heat-flux vector and the devia-
toric stress tensor.!” By taking into account the lagging effects, the
constitutive equations for heat flux'? and thermal stress'* become

tq; +¢;i = —KT, (6)
O','j = 2#8,'.,’ + )‘-skk&j — (3)\. + Zﬂ)a[(T — T()) + Ty T]S,, (7)

where 7 and 7, are the relaxation times for the heat flux and ther-
mal stress, respectively. Another important physical phenomenon,
which is excluded in the classical and hyperbolic models of ther-
moelasticity, is the hot-electron blast force B;. It is generated from
nonequilibrium hot electrons and derived recently by Falkovsky
and Mishchenko? based on the complete Lagrangian describing
the phonon—electron interactions in the picosecond domain:

B, = AT? (8)

where A is estimated to be gC,, with g ~ 1 denoting the dimension-
less electron—-phonon coupling constant and C,, being a constant
characteristicin the temperature-dependert electron heat capacity®?

C, = CeT, )

The hot-electron blast force exerts on the lattice, in addition to the
thermomechanical load caused by the temperature gradient estab-
lishedacrossthelattice. Renormalizationof elasticmoduliis another
short-time effect caused by electron looping in the phonon (lattice)
self-energy function. The resulting changes in elastic properties,
however, are of the order of (7,/Ty)?, with Ty being the Fermi
temperature. Unless the laser power is extremely high and electrons
become highly excited, so that T, ~ Tx, such an effect of lattice
renormalizationis usually less than 1% and neglected %28

To describe the thermomechanical response of metals irradiated
by an ultrashortlaser pulse, a complete model, as aforementioned,
should include 1) the volumetric absorption of laser beam energy,
2) the nonequilibriumthermal transport,2>3%-32 3) the couplingeffect
between lattice temperature and strainrate, 4) the hot-electron blast
force.! and 5) the lagging effects on the heat flux'? and thermal
stress.'* Thus, a set of the one-dimensional governing equations for
ultrafast thermoelasticity is proposed:

p/iix = Oxx,x +2A Te Te.x (10)
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C.T, = —Go.— G(T,—T) + S(x,1) (11)
Teq.ex + Gex = _KeTe.x (12)
CTi = —qu. + G(I. — T) — Gr + 2waTiéy (13)

g+ qx = — K1), (14)

with the volumetric laser heat source represented by

2
S = ﬁﬂ—_mexp[_(z) ) ,3(—_2) } s
T tpx; Xs tll

The stresses in Eq. (10) are described by Eq. (7) with the thermal
stressrelaxation.In contrastto the use of surface heat flux in describ-
ing frequency-modulated, Q-switched, or mode-locked lasers, %7
Eq. (15) describes the energy absorption rate in metals heated by
a picosecond laser, including the combined effects of skin-depth
Xy, pulse duration #,, and surface reflectivity R. Equation (15) is
employed in this work because it was used in confirming the exper-
imental results for ultrafast heating on thin metal films.3>38=40
Equations(11-14)reduceto the dual-hyperbolictwo-temperature
model® if the coupling between temperature and strain rate is
dropped off. They furtherreduce to the hyperbolic two-temperature
model*? by excludingall of the lattice heat-flux-related terms and to
the parabolic two-temperature model?>> by further letting the elec-
tron relaxation time be zero. Such transition of the two-temperature
model in different domains of response time has gained numer-
ous experimental supports in the development of microscale heat
transfer.'”-23:32:38=40 Equations (11-14) were derived from the semi-
classical Boltzmann transport equation for discrete assemblies.*?
Though bearing the final appearance for a continuum, Egs. (11-14)
capture the unique behaviors of thermal relaxation and rapid ther-
malization that cannotbe depicted by the classicalmodels of Fourier
diffusion and thermal waves.!” The hot-electron blast force, in
the momentum equation (10), is an important, new physical phe-
nomenon that the classical and hyperbolic thermoelasticity theories
haveignored. Equation (15) indicatesthatthe laserbeamis Gaussian
in time. It is applied on the front surface (x = 0), and the peak inten-
sity occurswhen? = 2¢,. As the depthincreases, the volumetriclaser
heat source attenuates with an exponential function, exp(—x /x;).
Under the uniaxial strain condition

Exx (X, 1) # 0, Eyy = &z = Exy = &y = &z = 0 (16)

the three nonzero normal stresses become
O =+ 2w)e, — Gr+2wal(T; — Ty) + 7,11 (17)
Oy = 02 = hewe — Gh+20al(T — Ty + o [] - (18)

From Eq. (16) the time rate of change of the lattice dilation &;; is
equal to &,,. Under the uniaxial stress condition

a,x,x(x7 t) # 0, Oyy = 0zz; = Oyxy = Oy: = Oz = 0 (19)
the only nonzero stress componentis

0w = Eley, —a(T) — Ty + 7, T))] (20)

in which E is the Young’s modulus. The time rate of change of the
lattice dilation is thus derived

é = [(1 = 20)/Elo, +3a(Ty = Ty + 7. 7)) 2D

where v is the Poisson’s ratio.

The governing equations (10-14) along with the laser heat
source, Eq. (15), the stress-strain relations, Eq. (7), and the strain-
displacement relations, Eq. (5), will be solved under proper initial

and boundary conditions. For simplicity, the following conditions
are considered:

T,(x,0) =T(x,0) =T, (22)
e (x,0) =1, (x,0) =0 (23)
0:x(x,0) = 0y, (x,0) = 0.-(x,0) = 0 (24)
9ex(0,1) = g (L, 1) = 0 (25)
90, 1) = g (L, 1) =0 (26)
0 (0,1) = 00 (L, 1) = 0 27

where L is the film thickness. In this study 7 is set at 300 K
(room temperature). For uniaxial stress the two initial conditions
for stresses oy, and o.. in Eq. (24) are discarded.

Three thermophysical properties of electrons involved in the
present ultrafast thermoelasticity model are strongly temperature
sensitive. They are the electron heat capacity [Eq. (9)], relaxation
time, and thermal conductivity. The electron relaxationtime is char-
acterized by the electron and lattice temperatures®!

t.=1/(AT>+ BT) (28)

in which A, and B, are constants. The electron thermal conductivity
is expressed in the form*
s
(92 +0.16) 7 (92 + 0.44)0,
K, =x T (29)
(92 +0.092)2 (92 + nv,)

where ¥, =T,/Tr and 9, =T,/ Ty are the normalized electron and
lattice temperatures; x and 7 are constants. The electron relaxation
time, Eq. (28), and the electron thermal conductivity, Eq. (29), are
suitable for a wide range of temperatures, from room temperature
to the Fermi temperature. On the other hand, the phonon relaxation
time 7; is less temperature sensitive and is given by!’

u =3K,/C,V? (30)

Note that some of the properties of a metal lattice have been
assumed independent of temperature, whereas the temperature-
dependentpropertiesare particularlyaddressedin electrons.Indeed,
electronsare much more sensitive to temperature than phonons dur-
ing the picosecond transient, which is a behavior confirmed in sev-

eral experimental results 23323840

Solution Algorithm

Because of the mathematical complexity of the coupled govern-
ing equations, it is impossible to derive closed-formsolutions to the
present ultrafast thermoelasticity model. Therefore, Eqs. (10-14)
are solved with a finite difference method. Uniform grid meshes are
employed. For the spatial derivatives the central difference scheme
is used to approximate the quantities at the interior points, and
the forward difference scheme is used to estimate the quantities
at the boundary.

Like the conventional finite difference, all of the variables are
evaluated at the grid points. It is found that the temperatures and
stress computed with this approach exhibit a local fluctuation. To
improve the serrations,an alternate algorithmis proposed here, with
which the electron and lattice temperatures as well as the displace-
ment are calculated at the grid points (same as the conventional
method), whereas the heat fluxes and stress are evaluated at the
halfway point location between two consecutive grid nodes. At the
boundary the temperatures, heat fluxes, and stress are solved where
they are unknown and are directly imposed where they are specified.
The finite difference grid points used in the present algorithm are
sketchedin Fig. 1. For convenience, this approachis referred as the
QS-point method.
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Fig. 1 Finite different grid points for the QS-point method.

For wave propagation problems solved with finite difference
methods, the numerical solutions often exhibit spurious (V-shape)
oscillation**** To further suppress the minor oscillation in thermo-
mechanical response, an artificial viscosity** is introduced,

dit,

I =w,0V;Ax
ox

€29)

dii,
9

LTy RN
-—| - X
ox pirlweo

in which the two constants @; =0.05 and wy = 2.0 are employed.
Thus, the momentum equation (10) is modified to

pliy =0 +2ATT,  + 11, (32)

Once all of the first spatial derivatives of the temperatures 7, and
T;, heat fluxes g« and g, and stress oy, are computed, the time
rates T,, T}, gex, qix, and the accelerationii, can be determined from
Eqgs. (10-14) accordingly. The current values of T, 7}, gex, qix, and
u, are then advanced using a forward difference. For instance, the
electron temperature is updated with

T,(x,t + A1) = T,(x;, 1) + T,(x;, 1) At (33)

where At is a time increment. As the values of system parameters
vary in presence of uniaxial strain and uniaxial stress as well as a
finite thickness of the film, the presentalgorithm is more stable than
our previous method.?

Results and Discussion

The laser beam considered throughout this section has a pulse
width 7, =100 fs and a fluence J,=4000 J/m?, unless men-
tioned otherwise. Four gold films with thicknesses of 50, 100,
200, and 400 nm are investigated. The temperature-dependert
thermal conductivity’> and the heat capacity of the gold lat-
tice are listed in Table 1. The values in the parentheses are
the bulk heat capacity C,* and C, is calculated using the re-
lationship C =C, + C,. A linear variation is assumed for the
properties between any two consecutive data given in Table 1.
The other thermophysical properties of gold employed are as
follows®>#142: p, =1.93 x 10* kg/m’, C,, =70 JIm—K2, G=
2.6 x 10" Wm—*K~!, R=0.93,x, =15.3nm, x =353 Wm 'K/,
n=0.16, Tr=6.42x 10* K, A,=1.2x 10" K%s7!, and B, =
1.23 x 10" K~'s™!, The reflectivity of 0.93 and the optical penetra-
tiondepth of 15.3 nm are the typical values for visible light. With the
precedingconstantsthe calculatedelectronrelaxationtime is 26.3 fs
at room temperature and 0.02 fs at the Fermi temperature, and the
phononrelaxationtime is about38.7 ps at room temperature accord-
ing to Egs. (28) and (30), respectively. The mechanical properties
used are E =74.9 GPa, v=0.42, and o = 14.2 x 10~° m/mK.*’

The numerical analyses in this section are performed with the
uniaxial strain condition, except for the results shown in the last
two figures, which are simulated with the uniaxial stress condition
for the comparison purpose. In all of the calculations, the thermal
stress relaxation effect is deactivated except that the effect itself
is studied. On the other hand, all of the other effects, such as the
electron and phonon relaxations, the thermal-mechanical coupling,
and the hot-electronblast force, are activated unless each individual

Table1 Conductivity and heat
capacity of gold lattice

T,K K;,W/mK* C; (10° J/m*K)

300 315 2.479 (2.50)°
604 e 2.708 (2.75)
636 271 —_—
964 246 e
1017 e 2.839(2.91)
1100 234 —_—
1137 176 —_—
1373 e 2.726 (2.82)

aTouloukian et al.*>
®Values in the parentheses are the bulk
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Fig. 2 Convergence study for lattice temperature in a 100-nm gold film
heated by a laser pulse with #, =100 fs and Jy = 1000 J/m?2.
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Fig. 3 Convergence study for stress o, in a 100-nm gold film heated
by a laser pulse with 7, =100 fs and Jo =1000 J/m?.

effect itself is investigated. The numerical convergence of the grid
mesh models and the film thickness effect on the ultrafast thermo-
mechanical response are examined for the four films, whereas the
short-time thermal effects are studied only for the 100-nm film.
The convergence of the grid mesh models is first tested for the
QS-point method. The value of J, appliedis 1000 J/m?. For brevity,
only the lattice temperature 7; and stress o, in the 100-nm film are
presentedhere. The results shown in Figs. 2 and 3 are obtained from
the four models consisting of 26, 51, 101, and 201 grid points at the
time instant when the lattice temperature at the front surface (x =0)
reaches the first maximum value (at f = 15.4 ~ 16.0 ps, depending
on the grid mesh). As seen in Figs. 2 and 3, the solutions com-
puted with the 101 and 201 points are in good agreement, whereas
the two coarser models of 26 and 51 points vary noticeably from
the two finer models. Form the tests with the four different films,
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Fig. 4 Electron temperature distribution at#=10 ps in a 100-nm gold
film heated by a laser pulse with ¢, =100 fs and Jo = 4000 J/m?, obtained
from the conventional finite difference and QS-point methods.
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Fig. 5 Lattice temperature distribution at £=10 ps in a 100-nm gold
film heated by a laser pulse with ¢, =100 fs and J, = 4000 J/m?, obtained
from the conventional finite difference and QS-point methods.

generally speaking, a model with one grid point per nanometer is
fine enough to result in a reasonably accurate solution. Therefore,
the numbers of the grid points employed in the following analysis
are 51,101,201, and 401 for the 50-, 100-, 200-, and 400-nm films,
respectively.

Figures 4-6 compare the performance between the conventional
finite difference and QS-point methods. The numerical analysis is
performed with the 100-nm film. Artificial viscosity is not used in
the conventional finite difference calculation. For clarity, the elec-
tron and lattice temperature distributions presented in Figs. 4 and 5
are for one time instantat r = 10 ps. It appears, from Fig. 4, that the
electron temperature obtained from the conventional finite differ-
ence approach exhibits local fluctuation with an amplitude of about
5 K over the entire film thickness. On the other hand, the QS-point
result is quite smooth. The minor oscillation about the QS-point
solution is also found in the lattice temperature, especially in the
region of x =0~ 30 nm (see Fig. 5). The results in Figs. 4 and 5
indicate that the lattice temperature is only about one-sixth of the
electrontemperature. The large differencebetween the two tempera-
tures reveals that the thermal state at 10 ps is not yet in equilibrium.
Figure 6 plots the stress o, at five time instants: 5, 10, 15, 20,
and 25 ps. Again, the stress solutions obtained from the conven-
tional approach oscillate about those obtained from the QS-point
method.

Because the value of the thermal stress relaxation time 7, is not
available, the impact of the thermal stress relaxation on the ultrafast
thermomechanicalresponse is studied numerically. It is found that
7, must be at least one order lower than 7;, or the numerical so-
lution becomes unstable. For instance, the solution diverges when

r 25.0 ps
0
= ‘;“20.0 ps
o r
C 2
= L
= .
b .
4L 5.0ps - \
r 100ps A\
=~ 15.0 ps
e Conventional Method
r —— QS-Point Method
Il Il 1
0 20 40 60 80 100

X (nm)

Fig. 6 Stress oy, distribution at different time instants in a 100-nm
gold film heated by a laser pulse with #, =100 fs and Jo =4000 J/m?2,
obtained from the conventional finite difference and QS-point methods.

2 —
0 N
E L \ ‘\‘\‘
o -2 \ S }ai T
\-; [ 9 ',‘/ N\ )
b>< V4 \, P
F A AT T e
4L 5.0 ps A 3
| 10.0 ps NS =0
r 15.0 ps - 1= 0.017
T e 5= 0.0017,
1 | | |
0 20 40 60 80 100
X (nm)

Fig. 7 Effect of thermal stress relaxation on stress oy, in a 100-nm
gold film heated by a laser pulse with ¢, =100 fs and Jy = 4000 J/m?2.

7, > 0.037,. Figure 7 shows the influence of the thermal stress re-
laxation on stress o,, for the two relaxation times 7, =0.01t; and
0.0017,. It is seen that the impact is noticeable for the larger relax-
ation time but is almost negligible for the smaller one. Because the
exact value of t,; is unknown, the thermal stress relaxation effect
is excluded in all of the other calculations, including those already
presented.

The stress humps in Fig. 6 occur around x =17 nm at = 5.0 ps,
33 nm at 1 =10.0 ps, etc. The peak of the stress humps first in-
creases with time, then rapidly decreases, and ultimately vanishes.
For example, the values of the four peaks shown in Fig. 6 are
—3.23, —4.17, =5.00, and —2.34 GPa at t =5.0, 10.0, 15.0, and
20.0 ps, respectively. It is calculated, from the shift of the stress
peaks, that the stress wave propagates with a speed close to the
speed of sound in an extended medium, 3.14 km/s. The cause of
the stress humps is essentially the hot-electronblast effect. This can
be seen in Fig. 8, where the time history of stress o,, is computed
with and without the hot-electron blast force B,, respectively. Ap-
parently, no stress humps occur at the first two time instants r = 5.0
and 10.0 ps when the hot-electroneffect is neglected. Although the
stresshumps occurat the nexttwo time instantsz = 15.0 and 20.0 ps,
their magnitudes are smaller. The difference between the two solu-
tions is the response that results from the hot-electron blast force
alone.

Because the response time of ultrafast laser heating is in picosec-
onds, thermal expansion in such a short period of time could result
in a considerably high strain rate. In this work the calculated strain
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Fig. 8 Effect of hot-electron blast force on stress o, in a 100-nm gold
film heated by a laser pulse with 7, =100 fs and Jy =4000 J/m?2.
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Fig. 9 Effect of thermal-mechanical coupling on stress o, ina 100-nm
gold film heated by a laser pulse with 7, =100 fs and Jy = 4000 J/m?2.

rates are on the order of 10° s~!; the actual values depends on the
laser intensity. As a result of the high strain rate, the coupling ef-
fect between lattice temperature and strain rate might not be neg-
ligible. The numerical result shows that the coupling effect indeed
affects the lattice temperature field. For instance, the first maximum
lattice temperature at the irradiated surface is 1244 K occurring at
t =29.03 ps predicted with the coupling effect, whereas it is 1303 K
occurring at t =31.07 ps predicted without the effect. The relative
difference of the two maximum temperatures is about 4.7%. Be-
cause of the change of the lattice temperature field, it is expected
that the computed thermomechanical response would be different.
Figure 9 shows the effect of thermal-mechanical (T-M) coupling on
the thermal stress o,,. Evidently, the stress computed with the cou-
pling effect differs from that computed without the effect, especially
in late time.

The effect of the phonon relaxation on the stress response of
oy 1s depicted in Fig. 10. It is recalled that the phonon relaxation
time is less temperature sensitive and is calculated to be 38.7 ps
at room temperature, which is much longer than the laser pulse
duration considered here. Like the coupling effect between lattice
temperature and strain rate, the phonon relaxation effect certainly
alters the lattice temperature and in turn the stress response although
it hardly affects the electron temperature. However, in contrast to
the T-M coupling effect, neglecting the phonon relaxation effect
yields a smaller lattice temperature. For instance, the calculated
first maximum lattice temperature at the front surface lessens to
1223 K, comparing to 1244 K computed with the effect. Because
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Fig. 10 Effect of phononrelaxation on stress o, in a 100-nm gold film
heated by a laser pulse with £, =100 fs and Jy = 4000 J/m?2.
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Fig. 11 Stress oy, distribution at different time instants in a 200-nm
gold film heated by a laser pulse with ¢, =100 fs and Jy = 4000 J/m?2.

of the reduction in the lattice temperature, the magnitude of the
resulting stress peaks becomes smaller, as seen in Fig. 10.

With the electron relaxation effect the calculated range of the
electrontemperatureis 300 ~ 19,181 K. The correspondingelectron
relaxation time is 26 ~ 0.2 fs. The relative difference between the
two maximum electron temperaturescomputed with and without the
electron relaxation effectis only 0.2% (about 39 K). Consequently,
the impact of the electron relaxation on the hot-electron blast force,
lattice temperature, and thermal stress all are trivial. Because the
laser pulse duration is quite long in comparison with the electron
relaxation time, another pulse having a durations of 7, =10 fs is
studied. It is found that for this shorter pulse the maximum elec-
tron temperature increases to 21,776 K. The impact of the electron
relaxation on the thermomechanicalresponses is more pronounced
but is still limited.

Figure 11 shows the stress o, distributionina 200-nmfilm at sev-
eral time instants. The hot-electronblast effect, again, is evidenced
by the sharp stress pulses. By comparing the peaks of the stress
pulses with the plateaus over the rest region at # = 5.0 and 10.0 ps
in Figs. 6 and 11 respectively, it seems that the hot-electron blast
effectis more significant for a 200-nm film than for a 100-nm film.
A similar stress response is also found for the 400-nm film. Owing
to the similarity, the results of the 400-nm film are not presented
here.

The stress o,, distribution in a 50-nm film heated by a laser
pulse with 7, =100 fs and J, =2000 J/m? is plotted in Fig. 12.
Comparing the stress pulse profiles in Figs. 6, 11, and 12 makes it
clearer that the thicker the film, the more pronounced the impact
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Fig. 12 Stress o, distribution at different time instants in a 50-nm
gold film heated by a laser pulse with 7, =100 fs and Jy = 2000 J/m?2.
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Fig. 13 Uniaxial stress oy, distribution at different time instants
in a 200-nm gold film heated by a laser pulse with #, =100 fs and

Jo =4000 J/m?.

of the hot-electron blast effect. The reason is that it takes less time
for the electron (and lattice also) temperature in a thinner film to
achieve a uniform state than for that in a thicker film; as a result,
the gradientof the electron temperature squared and in turn the hot-
electron blast force [Eq. (8)] in a thinner film would be relatively
small. The maximum compressivestress occursin the middle region
for the 50- and 100-nm films, but it occurs in the region near the
front surface for the 200- and 400-nm films.

Figures 13 and 14 respectively represent the stress o,, in the
200- and 50-nm films, computed with the uniaxial stress assump-
tion. Each loading conditionis identicalto thatin the corresponding
uniaxial strain case. From the location of the stress peaks given in
Figs. 13 and 14, the calculated stress waves travel with a speed in a
bounded medium, 1.97 km/s. It is also seen from Figs. 11-14 that
the uniaxial stress conditionresultsin less severe thermal stress than
the uniaxial strain condition.

Detailed examinationsof Figs. 6—14 reveal that the discontinuities
carried by the thermal [Eqgs. (13) and (14)] and mechanical [Egs. (10)
and (20)] wavefronts are the dominating mechanisms in material
failurecausedby low-powerultrashortlaserheating. A slow-moving
frontwould destroy the film in its wake area, promoting tensile dam-
ageas the surfaceintegrityis lost caused by rapid thermomechanical
interactions. A fast-moving front at short times, on the other hand,
produces discontinuities that bounce back and forth between the
film surfaces. The resulting rapid alterations between tension and
compression would accumulate significant hysteresis energy within
the conductor, causing fatigue-like local failure under excessively
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Fig. 14 Uniaxial stress oy, distribution at different time instants
in a 50-nm gold film heated by a laser pulse with 7, =100 fs and

Jo =2000 J/m?.

high frequencies® These are possible failure modes in absence of
the hydrodynamic motion of plasma.

Conclusions

This paper proposes an ultrafast thermoelasticity model to ana-
lyze the heat transport and thermomechanical phenomena in metal
films irradiated by femtosecond laser pulses. It is found that the
thermomechanicalresponses between the films thicker than 200 nm
and those thinner than 100 nm are different. The thicker the films,
the more pronounced the hot-electron blast effect. The maximum
compressive stress occurs in the middle region for the films thinner
than 100 nm but in the region near the heated surface for the films
thicker than 200 nm. The effect of thermal stress relaxation on the
thermomechanical response might be vital only for a small range
of the relaxation time, somewhere around the one-hundredth of the
phonon relaxation time. The electron relaxation effect is inconse-
quential for the lasers available to date. On the other hand, the effect
of phonon thermal relaxation is important when a laser pulse du-
ration is comparable to or shorter than the phonon relaxation time.
Because the strain rate is extremely high, on the order of 10° s!,
the coupling effect between thermal and mechanical energy in the
lattice is also important. Under the same loading condition the uni-
axial strain condition results in much more severe thermal stresses
than the uniaxial stress condition.

Ultrafastdeformationin metal lattices induced by the hotelectron
blast is an important physical mechanism activated in the picosec-
ond domain. Optimal operating conditions to prevent thermome-
chanical failure in general, however, have a much larger scope that
requires further integration of other physical mechanisms into the
analytical model, including the plasma formation and expansion
during the short-time transient. Though complicated, interactions
of pressure waves induced by the plasma expansion and the hot-
electron blast should be an interesting topic of research in ultrafast
thermomechanics.
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