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ABSTRACT

The nonequilibrium thermal transport for electrons and lattice is described
using two-temperature model simulation. The simulation was performed
by finite difference time domain provided that dynamical optical and
thermophysical properties had been taken into account. The effects of
these properties on the electron and lattice temperatures were dis-
cussed. It was shown that thepesk surfacetemperatureisgreater
for long pulse duration and the film undergoes a superheated and experi-
encing afast cooling compared to the other pulse durations. The ablation
depth was found to increase as laser fluence increased. Results show
diffusivity, as an electron temperature dependent, a more penetration was
occurred resulting in a more ablation per pulse and lower ablation thresh-
old. The dynamic changes of optical properties during laser irradiation,
distributions of laser heat density, and electron and lattice temperature of
acopper filmirradiated by ultrashort-pulsed lasers were investigated, and
was found that both the optical properties could drastically decrease dur-
ing laser irradiation, leading to different laser energy deposition, both in
magnitude and spatial distribution. The detailed features of the crater will
be discussed. © 2016 Trade Science Inc. - INDIA
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Laser pulse of very short duration irradiation to
avery small geometrical dimension of a fail, can
produce an extreme heat flux. Such an ultrafast heat-
ing of thefoil can bewell described by the so-called
two-temperature model (TTM), initial conditions
and boundary-valued partial differential equa-
tions?®l, Theory of heat transmission based on
Fourier’s law predicts infinite propagation speed
heat disturbances. Thislaw relates heat flux and the

temperature gradient. According to thislaw, heat flux
adjustsimmediately to theimposed temperature gra-
dient, i.e., there is no relaxation time for the heat
fluxt?3. During pico- to femtosecond (fs) laser-ma-
terials processing, the characteristic times of the heat
carriers are comparabl e to the characteristic energy
excitation time. This process has the ability to de-
posit high density energy at agiven placein avery
short period of time. Ultrashort pulsed laser is an
ideal tool for high-resolution, high-quality
micromachining on a wide range of materialg*°.
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Femtosecond | aser has very high peak power, but it
causes a limited heat-affected zone in the materia
because of itsultrashort pul sedurationl*8. Two types
of the material removal mechanisms are often cat-
egorized: therma ablation and non-thermal ablation.
Theformer includes ultrafast phase changesthrough
melting and vaporization as well as phase explo-
sionif laser fluences are sufficiently high, whilethe
|atter is caused by thermal stresses, coulomb explo-
sion, and/or hot electron blast when the laser is op-
erated at fluences dlightly exceeding the ablation
thresholdi*4. The main features of fs pulse laser ab-
lation are; (i) very rapid energy deposition and cre-
ation of vapor and plasma phases, (ii) absence of
themolten materid, and (iii) negligible heat-affected
zones™, Dynamical investigation of thefemtosecond
|aser ablation using the numerica solution of thetheo-
retical model describing ultrashort high power la-
ser action on metal sin the approximation of the hy-
drodynamic type of TTM with explicit tracking of
interphase fronts had been done“. Thermophysical
and optical properties are the key parameters that
govern thetwo-temperaturemodel solution accuracy.
The former, including thermal conductivities, heat
capacities and relaxation times of electronsand lat-
tice aswell asthe el ectron-phonon coupling factor,
wereinvestigated for Ni in arange of temperatures
typically realized infemtosecond | aser materia pro-
cessing applications, from room temperature up to
temperatures of the order of 10* K. [?7,
Thermophysical properties based on the electron
density of state and the effect of thermal excitation
of electrons had used with TTM[, The latter, in-
cluding surface reflectivity and absorption coeffi-
cient has been paid less attention. In the early time
of thenumerical TTM study, thethermophysica prop-
ertiesemployed are either constant or only adequate
for low temperature and the surface reflectivity (R)
and optical penetration depth (6) areoften arbitrarily
assumed or kept constant(?Y, Two-temperature model
had been applied to describe the temperature-de-
pendent optical properties of lattice temperature
distribution of dielectricsgenerated by femtosecond
laserd?. The change of absorptance of copper pro-
cessed by multi-pulse femtosecond laser had been
studied, and it was found that after irradiation, the
absorptance of copper had adramatically increased,

meaning that the surface reflectivity was in a big
reduction. The threshold fluence for ultra-short
single pulse laser ablation is an important param-
eter and depending on the thermal and dynamical
properties of the materialt®3.

Thermal processfollowing the absorption of la-
ser pulse and the influence of electron-latticerelax-
ationisthe objective of thisresearch, sinceionemis-
sion would occur as a consequence of such pro-
cess¥, and the hot el ectrons could trigger the emis-
sion coherent acoustic phonon emission travelling a
distance many timeslarger than the skin depth®!,

Inthisarticle,, the mechanism of laser—metal in-
teraction will be thoroughly investigated under the
frameworks of thetwo-temperaturemodel takinginto
account the thermophysical and optical properties
of the copper films as temperature dependent. Nu-
merical simulations will be performed of material
ablation by a single laser fs pulse. The numerical
results of thermal response and ablation parameters
generated by the fs-laser pulse are presented and
discussed.

Two-temper ature model

In order to write down the equations for elec-
trons and | attice, the following assumptions can be
drawn from the theoretical descriptions of the tran-
sient temperature response of the copper under the
influence of fslaser radiation:

Electron-phonon interaction is the dominant
mechanisms of energy transport after the very short
laser pulse laser absorption.

The lattice and electrons are described by sepa-

rate temperatures T and T , respectively.
The equation for electron temperature can be
written as¥:
Ce(re).%w.(ke(re).we)—G(re)[Te—TI }+P(r 1 (1)
Theequation for thelattice temperature:

oT
C M) g =GT)TeT, | @

where C, T, and G are the specific heat capacity,
temperature, and el ectron-phonon coupling, respec-
tively. The subscripts e and | stand for the elec-
tron and lattice, respectively. Pis the heat deposi-
tion rate due to laser source radiation absorption.



SSAIJ, 1(1) 2016

M.l.Azaweet al. 17

ke isthe electron thermal conductivity, and a gen-

eral expression valid over a wider range of tem-
peratures has to be used?:

) [3e2+o.16]1'25[9§+.44]9e

et |98 +0.092( 98-+ |

where % =KgTe/éc and § =kgT) jor , kgis

(3)

the Boltzmann’s constant, € isthe Fermi enetgy of
copper, and y coefficient for el ectronic conductiv-
ity.

The electron heat capacity dependence on the
electron temperature can be expressed as?:

o0
of (e,u,T
C = - J—e) d
e(Te) j_oo(g 8':) aTe g(g) € ()

where g (¢) istheelectron DOS at the energy level

¢, 1 thechemical potential at T and f (&,4Tg) is
the Fermi distribution function, defined ag?":

1
f (8,,u,Te ) :{explz (;I;I’:‘e) }rl}

The determination of the chemical potentia « ,
required in Eqg. (5), isdonethrough setting the result
of theintegration of the product of DOSand the Fermi
distribution function at T_overall energy levelsto
be equal to the total number of valence electrons
(9).

The electronic specific heat capacity istaken to
be proportional to the electron temperature as'?:

Ce (Te) = 7-Te (6)
where y is the coefficient for electronic heat ca-
pacity. The values of the parametersfor copper will
be givenin atablefor numerical ssmulation.

(5)

Theélectron-phonon coupling factor G (Tg) ac-

counting for thethermal excitation of e ectronsfrom
the energy levelslocated below the Fermi level can
be expressed as*el:

7hK o Al 02

_B " 2(\(_of
cle)= 9 | J.—oog (8)[ ag]dg )
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where , istheelectron-phonon coupling constant in

the superconductivity theory and <0)2> is the sec-

ond moment of the phonon spectrum defined by,

Thelaser source P(r,t) can affect both the elec-
tron and | atti ce temperatures and hencethelaser heat
source has to be characterized properly, i.e., aflat-
top laser beam (uniform intensity over theentirela-
ser spot) is considered®. Laser in the short pulse
regime is a multi-step process; energy is first ab-
sorbed in the skin depth by the free electrons and
then transported by diffusion and interaction with
theatomic lattice, i.e., heating the atoms and break-
ing the chemical bonds®.

The following assumption has to be made that
the excited electronsareimmediately and fully ther-
malized when the laser pulse is applied®®. The la-
ser source can be written ag*!:

P(x,z,t):@.ﬁ%& 1+oos[%zrﬂ.exp

2
t-2
_g_ﬁ[%pg}

(8)

where Jy is the laser fluence (Jm?), R(T,) isthe

copper surface reflectivity, tp is the laser pulse

1
duration, 5(=;) isthe optical penetration depth of

photonsin copper (wheretheintensity amplitudeis
decreased by a factor €), | is the spatial period

with (—L/2<x <L/2) and zis the depth coordinate

of copper film, and g =4In(2) isthe normalization
factor that describes the temporal Gaussian pulse
functioni®l. In other words, the laser source is as-
sumed to be cosinefunction along the surface (along
thex-axis) and attenuates exponentially into the cop-
per skin depth (along the z-axis).

The temperature dependencies of the optical

characteristics, @(Tg |, and R(T,) were taken from

Ref.%0 31, The dynamic changes of optical proper-
tiesa and Rduring laser irradiation, distributions of
laser heat density, and el ectron and |attice tempera-
ture of acopper filmirradiated by ultrashort-pul sed
lasers were investigated, and was found that both
the optical properties could drastically decrease
during laser irradiation, leading to different laser
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energy deposition, both in magnitude and spatid dis-
tribution, in the heated material %644,
Lasing is assumed to start at t=0 and ends at

t=4tp, and the laser energy outside this period of

timeisneglected sinceitistoo small to significantly
affect the el ectron temperaturé®. This condition sat-
isfiesthat the laser pulseis entirely absorbed at the
beginning of the pul se by electron gas near the metal
surface and theenergy isdistributed at fsscale (pulse
duration) in the entire thin film by collision to the
atomic latti ce through el ectron-phonon coupling.
Theinitial valuesTTM are asfollows. Theini-
tial conditionsfor both electrons and phonons are:

Te2:2p |=T) (2.2 |<To ©)

with Ty isthe initial temperature. Here we as-

sume that the thermal wave does not reach the re-
mote boundary during the cal cul ation time?.

Ablation depth
The ablation depth can be expressed ag*® " 13

- F
L :5.|H[th] for low F'[h (skin depth) (10)

~1Inl F_ .

(electron heat conduction) (12)

The two ablation regimes in laser ablation are
the multi-photon (skin depth) and the el ectron diffu-
sion (thermal) regimes, respectively. These come out
of the Arrhenius-type evaporation equations, and
describe the ablation process by for high-intensity
ablation(*,

For low incident fluences, the skin depth (de-
fined above ass ) defines the effective depth of ab-
sorption, becausethe density of hot electronsisrela-
tively low and the laser pulse energy is mainly de-
posited in the shallow region which is the penetra-
tion depth. In the higher | aser fluences, the contribu-
tion of electronic heat conduction becomesmoresig-
nificant, and the electron thermal diffusion length

(defined asl ~,/D 75 ) dominates and increases the
ablation rate over that of the skin depth(*®,
Numerical results

The numerical analysiswas performed for cop-
per film using the two-temperature model, and simu-
lation resultsfor thermal transport for copper heated
by femtosecond laser pulse will be presented by fi-
nite- differencetime domain (FDTD). This method
Is essentially grid-based differential time domain
numerical modeling method. The method is
discretized and implemented in Matlab. Theresults
will show some differences than the published re-
sultsin the temperature distribution and in the el ec-
tron temperature. First of all, theincrement in time
of stable and convergent solution was carried out
and adjusted until ahigh resol ution of themodel was
obtained.

The simulation results for ultrafast laser inter-
action with a thin copper film (thin film thickness
was 200 nm and the substrate was silica) were ini-
tially at 300 K will be presented. The electron and
|attice temperature at the front surface are presented
in Figure (1) against time with laser fluence of 0.8
Jcm?, wavel ength 800 nmi2®, with a spot size of 20
um in diameter keeping the spot size much larger
than the sampl e thickness, and pulse duration 80 fs.
Theresultssimulated by the TTM with dynamic op-
tical and thermophysical properties.

Thesimulation was carried out at laser intensity
(1=10% Wicny), but really the onset of the plasma
regime takes place®. This vaue should be large
enough to trigger theformation of plasmaon the sur-
face, and the onset of plasmain front of the target
will be affecting al optical and thermal properties
of the target and of laser-matter interactiont®.

The different times of the peak temperatures of
electron and lattice are obvious, and the lattice had
alag time of 0.2 psto reach its maximum tempera-
ture. Itisimportant to emphasi ze that the cal cul ated

temperatures Tg & T, wereinfluenced fromthela

ser matter interaction mechanism and needs around
2.0 psto come to balance. Also the curve indicates
the thermal electron role is insignificant above 2.0
ps. The simulation underlying that with increasing
pulse duration longer than t 2.1ps, the TTM sug-
gests nonequilibrium thermal transport for electrons
and lattice no longer exists.

When the ionization is completed, the plasma
formed inthe skin-layer of thetarget hasafree-elec-
tron density comparable to theion density of about
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Figure 1: Time evolution of electron and lattice temperatures at the front surface of copper when irradiated by 0.8
J/cm? with pulse duration of 80 fs, and wavelength 800 nm
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Figure 2 : Time-dependent electron temperature for different laser fluence and constant pulse duration of 80 fs

10% cm3, and in order to meet the ablation condi-
tions the average electron energy should increase
up to the Fermi energy, i.e. up to several evi+ 8,
Thetime-dependent of electron temperature, as
can be seen from the previousfigure is an exponen-
tial decay, but this decay was found to be in form
shown in Figure (2) for different laser fluence as
0.8, 0.6, 0.4, and 0.2 JJcm?. The time scale was ex-
panded in order to show this behavior and the elec-
tron temperature started to decrease with undul ation
due to electron-lattice heat exchange by thermal
waves. Therma waves propagate through the me-

diumwith aspeed of v, =,/D,(T)/7, , depending

on the electron relaxation time 7, , and when this
time increases, the speed V,, will be decreased.

D, (T,) istheelectron thermal diffusivity. Also this

effect could beinterpreted due surface plasmon since
copper has areal part of dielectric constant smaller
than (-1) and to compare the incubational behavior
of thismetal with other metal whether surface plas-
mon play animportant role or not!e.,

The plasmaél ectron temperature-density crossed
gradients may modify the beam transport in atime
scaeof afew picosecondsbut inshorter timescales,
this effect can be neglected. The plasma electrons
have been heated up to the Fermi temperature by fs
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laser pulsedurationinthethinfilm, and consequently
the electrical resistivity in this film goes from the
cold solid-liquid phase to the hot plasma one and
decreases with thetemperature. The consequenceis
that it creates electrical resistivity gradients in the
target which tend to hollow the beam generates an
electric field which tends to gect the plasma elec-
trons out of the beam volumein order to equilibrate
the total charge in a timescale of the order of the
inverse of the plasma electron-ion collision fre-
quencyt9,

Figure (3) shows the influence of laser pulse
duration on the spatial distribution of the laser heat
source. The surface temperatures are al follow an
exponential decay. The dynamical optical and
thermophysical properties had been taken into ac-
count and the 1nm step for ssmulation was carried
out. The peak temperature is greater for long pulse
duration and the film undergoes a superheated and
experiencing a fast cooling compared to the other
pulse durations. Thermal diffusion length, on the
other hand, was increased for alonger pulse dura-
tion as a square law dependence and can be ob-
served when (1/e) of surface temperature was esti-
mated. Laser fluence was taken aslow as 0.2 J/cm?
sincefor high laser fluence, thermal diffusion domi-
nates and increases the ablation rate over the skin
depth. Thiswill conclude that the ablation rate de-

creased as the pulse length was increased®d. It was
found that the damage threshol d increased with pulse
duration®, which agreeswith the previousresearch
on fslaser ablation of Cu and Al films and fs laser
ablation of fused silica® %, Damage threshold isa
characteristic dependent on the wavelength, pulse
width and type of material; it is ideally defined as
the laser fluence at which irreversible damage oc-
curs in the material by removing a monolayer of
materiall®e,

The figure shows the surface temperature pro-
files along the direction normal to the copper thin
film surface after the absorption of different laser
pulse widths. Clearly, the spatial surface tempera-
turedistributionsarevery different in al these cases.
When the laser pulse was 120 fs the surface tem-
perature had a steeper spatia distribution. In other
words, it deceasesfast with thediffusion depth. The
higher electron temperature within a narrower spa-
tial range means that most of the absorbed laser en-
ergy isconfined within avery small volume because
of weaker eectron diffusion. In contrast, for the case
of low laser pulse duration, the spatial surface tem-
perature distribution becomes relatively flatter, in-
dicating that the absorbed laser energy spreads
widely inalarger volume and the electron diffusion
becomes stronger.

To investigate the influence of laser pulse dura-
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Figure 3 : Normalized surface temperature varrying with

pulse duration. Normaliztion of temperature was taken

with respect to the temperature at 120 fs laser pulse. Laser fluence was 0.2 J/cm?
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Figure 4 : Shows the ablation depth as a function of single laser pulse duration, for different laser fluence

tion and laser fluence on the ablation depth, the simu-
lation results are shown in Figure (4). The depth
removed per incident fluence could be a relevant
parameter to estimate the ablation efficiency at fixed
pulse duration. The ablation depth wasfound to in-
crease as laser pulse and laser fluence increase.
Hence, it isworth mentioning that it isimportant to
point out that the higher laser fluenceleadsto astrong
ablation, which ismuch larger than the fluence that
generated agentle ablation located in thevicinity of
central pulseincidence.

The nonlinear dependence of ablation depth with
fluenceis attributed to more efficient multi-photon
ionization at higher peak intensities and plasmaden-
sity increases with the laser intensity risingi*4. The
multiphoton absorption associated with the high in-
tensity of fs pulseis responsible for bond breaking
and sub- sequent emission of electrons and iong®.
Experimentally, it was confirmed that ablation depth
increased with increasing both the laser fluence and
laser pulse duration but with fixed repetition rate,
and explained due heat accumulation™. At low
fluence, the pul se heating of the materia isnot enough
to reach a temperature high enough in order to va-
porize the material; hence pulse duration should be
increased.

Nolteet a. (1997) pointed out that when the la-
ser energy deposition is determined by the optical
penetration depth (first ablation regime) no trace of
molten material can be observed, but at a higher
fluences (second ablation regime), a thin layer of
molten material appears. Increasing pulse duration

reduces the effective energy penetration depth and
increases the threshold fluence. Both effects can be
explained by hydrodynamic plasma expansion dur-
ing the laser pulse, plasmashielding of the laser ra-
diation, and increased heat-conduction |osses®.

The effects of dynamical propertieson the abla-
tion depth will be studied in the following figure.
Electron temperature dependence on the dynamical
properties was found to be a crucial upon ablation
depth. It should be emphasized that, the ablation
threshold fluence corresponds to the removal of an
ablated volume equal to zero?!. Ablation threshold
fluence was calculated to be 0.68 Jcm? when the
electron temperature dependent was taken into ac-
count, while a threshold value of 1.92 Jcm? when
simulation was carried out as the el ectron tempera-
tureindependent.

Figure (5), the abl ation depth dependence on the
laser fluence for 120 fslaser pulse, shows two dif-
ferent logarithmic dependencesthat can be explained
when the el ectron thermal diffusion length (defined
as ) taken to be electron temperature dependence,
and can be written as, accordingly:

I (Te) z\/De(‘re )7a (12)

Hence, diffusivity can play an important rolein
ablation process. When simulationswere carried out
for diffusivity as electron temperature dependent, a
more penetration was occurred resulting in a more
ablation per pulse and lower ablation threshold.
Another featurethat can be observed from thefigure
was the nonlinearity in the behavior of the curve at
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Figure 6 : Represents the simulation results of threshold ablation fluence versus laser pulse duration when

diffusivity was taken as electron temperature dependent.

higher laser fluence because no consideration was
taking into account for the relaxation time in both
heat flux and temperature gradient, i.e., adua phase
lag should be considered at high laser fluence.

The influence of laser pulse duration on the
threshold ablation fluence in the thermal diffusion
regime, the simulation results are shown in Figure
(6).

Thelaser fluence was during the regime charac-
terized by the high-energy penetration depth, and the
increase of thethreshold ablation fluence with laser
pulse duration due to the increase of thermal diffu-
sion length. The behavior is nonlinear because of
thelogarithm relation between the thermal diffusion
length and threshold abl ation fluence. Themaximum

The laser fluence was 0.6 J/cm?

threshold ablation fluence was found as 1.86 J/cm?
at laser pulse duration of 160 fs and in addition to
this, a sharp decrease in the threshold ablation
fluence was occurred after this pulse duration. In
the ssimulation, the diffusivity was taken to be de-
pendent on the electron temperature. This drop in
the threshold ablation fluence can be related to the
electron-lattice coupling at higher laser pulse dura-
tion giving high vauefor the surfacetemperature as
illustrated in Figure (3), with high pulse duration
surface temperature was increased. Balling and
Schou used lattice temperature in their calculation
to determine the threshold ablation and its depen-
dence on thelaser pulse duration“, with abehavior
similar to our result except the sharp decrease.
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The evolution of eectron temperature is obvi-
ously follows the signature of the laser pulse dura-
tion and as the laser pulse increased; electron tem-
perature becomes lower than the electron tempera-
ture without the diffusivity was taken into account.
On the other hand, threshold ablation fluence was
decreased when laser pulse duration was increased
can be attributed to the reduction of laser irradiance
aslaser fluencewaskept constant resultinginamuch
decreased ablation efficiency, and especialy when
considering the crater depth evol ution versusfluence.

The peak value (optimum) in thethreshold abla-
tion fluence can be explained asthefluencefor which
thereisasignificant and ultrafast nonlinear ioniza-
tion by the very leading edge of the pulse, up to the
critical density, giving rise to ahighly efficient lin-
ear absorption of the intensity peak™. This is at-
tributed to the devel opment of the plasmaformedin
athin surface layer of the copper, becoming gradu-
ally overcritical at the beam center and reflecting or
screening the late part of the beam. In other words,
the plasma formed acts as an optical ultrafast shut-
ter with the switching (closing) time being shorter
and more efficient when the pulse duration de-
creasedi®l,

The simulation on the ablation crater created by
focused single laser pulse on the surface of copper
is shown in Figure (7) plotted as a function of the
pixel number. Laser fluencewas 0.6 JJcm2 and pulse
duration of 80 fs. These values were taken from the
previous simulation to assureit isnear the optimum
values and closeto the abl ation threshold with higher

X pix

—=  Full Peper

laser irradiance. The detailed features of the crater
will be discussed on basis of simulation carried out
with TTM and taking into account the dynamical
optical and thermophysical properties. Theholerep-
resents the characteristic of high-temperature melt-
ing inside the ablation region. The distinct ring
around the hole with ablack color, which isamost
the size of the laser beam waist, is the result of a
heat-affected zone on the surface of copper. The next
zones of lower temperature expand dramatically on
the surface and with nonuniform temperature distri-
bution. Theasymmetry in the expanded rings can be
attributed to the laser beam characteristics and la
ser-copper interaction. Inthe simulation aGaussian
beam was considered. The profile around the crater
reveals a nonuniform progression in materia re-
moval, which relates to known imperfectionsin the
intensity distribution of thelaser beam employed and
also related to the complex nature of the laser sur-
face interaction®!. Xin-yu et a. (2009) studied the
gpatially nonuniform heat distribution for CuandAg.
Due to the very short time scales involved in the
ablation with femtosecond laser pulses, the ablation
process can be considered as a direct solid-vapor
transition. Laser energy isabsorbed by the electrons
much faster than it can be transferred to the lattice,
and since the lattice does not heat appreciably dur-
ing the pulse, there is no need to track the flow of
energy into the lattice to account for thermal and
mechanical stresses™.

The parameters of copper used inthe simulation
aregivenin TABLE 1. The thermophysical proper-

2600

¥ pix

Figure 7 : Surface features of Cu induced by a single 80 fs laser pulse duration and laser fluence of 0.6 J/cm?. The
crater is surrounded by rings showing the temperature spatial distribution nonuniformally
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TABLE 1: Parametersof copper used in thesimulation
Pr operties Value
L attice room temper ature TI (K) 00
Thermal conductivity (W/m.K) 407.88:00272<T, -2.658x10°xT 2-3.0x10°<T 3
Molar weight, M (kg/kmol) 63.546
Boiling temperature (K) 2835
Melting temperature (K) 1357
Femi energy (eV) 7.04
Density (kg/m?) 8.94x10°
Spedific heat (Jkg. K) 313.75+0.324<T, -2.687x 10*xT 2 +1.2568x10"xT 3
Therma expansion (25°C) (um/m.K) 16.5
Fermi vdodity (m/s) 1.57x10°
lonization (eV) 7.7264

tiesused in the cal cul ations were taken from Ref .16,
Electron relaxation time of copper at room tempera-
ture was taken as 25 f9*4.

CONCLUSIONS

Numerical simulation results for thermal trans-
port of copper heated by femtosecond single laser
pulse were studied. The simulation was performed
using TTM by FDTD when the dynamical optical
and thermophysical propertieshad beenincludedin
the simulation. Time evolution of e ectron tempera-
ture and surface temperature as a function of pen-
etration depth were studied. It was found that elec-
tron temperature after reaching its maximum value
decreased with undulation. The lattice reached its
maximum temperature in 300 fs. The undulationin
electron temperature decrease was explained dueto
surface plasmons in copper. Ablation parameters
wereinvestigated in thesmulation intermsof abla-
tion depth and threshold ablation fluence. Dynami-
cal optical and thermophysical propertieswerefound
to have an impact on the ablation depth. Theresults
also showed that diffusivity had pronounced effects
on the abl ation threshold and abl ation depth of cop-
per film. Thelaser pulse duration wasfound to have
a crucia effect on the threshold ablation fluence.
Crater formation on the surface of copper wasfound
to have aspatially nonuniform temperature distribu-
tion. The ablation yield asafunction of fluenceand
taking into account both the pulse duration and its
propagation insidethe materid caninfluencethecra-

ter topography profile. Crater depth and the diam-
eter of the ablated crater have been found to be la-
ser parameters dependent, especially, the laser
fluence and single pulse duration, and dynamical
optical and thermophysical properties.
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