
Simulation of thermal transport and ablation of thin film copper by
fs laser pulse

INTRODUCTION

Laser pulse of very short duration irradiation to
a very small geometrical dimension of a foil, can
produce an extreme heat flux. Such an ultrafast heat-
ing of the foil can be well described by the so-called
two-temperature model (TTM), initial conditions
and boundary-valued partial differential equa-
tions[28]. Theory of heat transmission based on
Fourier�s law predicts infinite propagation speed

heat disturbances. This law relates heat flux and the
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temperature gradient. According to this law, heat flux
adjusts immediately to the imposed temperature gra-
dient, i.e., there is no relaxation time for the heat
flux[22]. During pico- to femtosecond (fs) laser-ma-
terials processing, the characteristic times of the heat
carriers are comparable to the characteristic energy
excitation time[1]. This process has the ability to de-
posit high density energy at a given place in a very
short period of time. Ultrashort pulsed laser is an
ideal tool for high-resolution, high-quality
micromachining on a wide range of materials[19].
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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 the peak surface temperature is greater
for long pulse duration and the film undergoes a superheated and experi-
encing a fast 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
a copper film irradiated 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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Femtosecond laser has very high peak power, but it
causes a limited heat-affected zone in the material
because of its ultrashort pulse duration[18]. Two types
of the material removal mechanisms are often cat-
egorized: thermal ablation and non-thermal ablation.
The former includes ultrafast phase changes through
melting and vaporization as well as phase explo-
sion if laser fluences are sufficiently high, while the
latter is caused by thermal stresses, coulomb explo-
sion, and/or hot electron blast when the laser is op-
erated at fluences slightly exceeding the ablation
threshold[44]. 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
the molten material, and (iii) negligible heat-affected
zones[30]. Dynamical investigation of the femtosecond
laser ablation using the numerical solution of the theo-
retical model describing ultrashort high power la-
ser action on metals in the approximation of the hy-
drodynamic type of TTM with explicit tracking of
interphase fronts had been done[49]. Thermophysical
and optical properties are the key parameters that
govern the two-temperature model solution accuracy.
The former, including thermal conductivities, heat
capacities and relaxation times of electrons and lat-
tice as well as the electron-phonon coupling factor,
were investigated for Ni in a range of temperatures
typically realized in femtosecond laser material pro-
cessing applications, from room temperature up to
temperatures of the order of 104 K. [27].
Thermophysical properties based on the electron
density of state and the effect of thermal excitation
of electrons had used with TTM[26]. The latter, in-
cluding surface reflectivity and absorption coeffi-
cient has been paid less attention. In the early time
of the numerical TTM study, the thermophysical prop-
erties employed are either constant or only adequate
for low temperature and the surface reflectivity (R)
and optical penetration depth (ä) are often arbitrarily
assumed or kept constant[21]. Two-temperature model
had been applied to describe the temperature-de-
pendent optical properties of lattice temperature
distribution of dielectrics generated by femtosecond
lasers[20]. 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 a dramatically increased,

meaning that the surface reflectivity was in a big
reduction[41]. 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 material[33].

Thermal process following the absorption of la-
ser pulse and the influence of electron-lattice relax-
ation is the objective of this research, since ion emis-
sion would occur as a consequence of such pro-
cess[1], and the hot electrons could trigger the emis-
sion coherent acoustic phonon emission travelling a
distance many times larger than the skin depth[25].

In this article,, the mechanism of laser�metal in-

teraction will be thoroughly investigated under the
frameworks of the two-temperature model taking into
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-temperature model

In order to write down the equations for elec-
trons and lattice, the following assumptions can be
drawn from the theoretical descriptions of the tran-
sient temperature response of the copper under the
influence of fs laser 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 Tl  and Te , respectively..

The equation for electron temperature can be
written as[9]:
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The equation for the lattice temperature:
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where C, T, and G are the specific heat capacity,
temperature, and electron-phonon coupling, respec-
tively. The subscripts e  and l  stand for the elec-
tron and lattice, respectively. P is the heat deposi-
tion rate due to laser source radiation absorption.
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ke  
is the electron thermal conductivity, and a gen-

eral expression valid over a wider range of tem-
peratures has to be used[2]:
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where k Te eB F
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B is

the Boltzmann�s constant, F
  is the Fermi enetgy of

copper, and   coefficient for electronic conductiv-
ity.

The electron heat capacity dependence on the
electron temperature can be expressed as[3]:
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where ( )g   is the electron DOS at the energy level

 ,   the chemical potential at T
e
 and  , ,f Te   is

the Fermi distribution function, defined as[27]:
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The determination of the chemical potential  ,
required in Eq. (5), is done through setting the result
of the integration of the product of DOS and the Fermi
distribution function at T

e
 overall energy levels to

be equal to the total number of valence electrons
(9).

The electronic specific heat capacity is taken to
be proportional to the electron temperature as[12]:

( ) .C T Te e e (6)

where   is the coefficient for electronic heat ca-
pacity. The values of the parameters for copper will
be given in a table for numerical simulation.

The electron-phonon coupling factor ( )G Te  ac-

counting for the thermal excitation of electrons from
the energy levels located below the Fermi level can
be expressed as[46]:
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where  is the electron-phonon coupling constant in

the superconductivity theory and 2  is the sec-

ond moment of the phonon spectrum defined by[32].
The laser source ( , )P r t  can affect both the elec-

tron and lattice temperatures and hence the laser heat
source has to be characterized properly, i.e., a flat-
top laser beam (uniform intensity over the entire la-
ser spot) is considered[9]. 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
the atomic lattice, i.e., heating the atoms and break-
ing the chemical bonds[5].

The following assumption has to be made that
the excited electrons are immediately and fully ther-
malized when the laser pulse is applied[10]. The la-
ser source can be written as[43]:

 
2

21 ( ) 2( , , ) . 1 cos .expe
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    (8)

where Jo  is the laser fluence (J/m2), ( )
e

R T  is the

copper surface reflectivity, tp  is the laser pulse

duration, 
1( )


  is the optical penetration depth of

photons in copper (where the intensity amplitude is
decreased by a factor e), L  is the spatial period

with  2 2L x L    and z is the depth coordinate

of copper film, and 4ln(2)   is the normalization
factor that describes the temporal Gaussian pulse
function[31]. In other words, the laser source is as-
sumed to be cosine function along the surface (along
the x-axis) and attenuates exponentially into the cop-
per skin depth (along the z-axis).

The temperature dependencies of the optical

characteristics,  Te , and ( )
e

R T  were taken from

Ref.[30, 31]. The dynamic changes of optical proper-
ties á and R during laser irradiation, distributions of
laser heat density, and electron and lattice tempera-
ture of a copper film irradiated by ultrashort-pulsed
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 spatial dis-
tribution, in the heated material[36, 44].

Lasing is assumed to start at t=0 and ends at

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

time is neglected since it is too small to significantly
affect the electron temperature[9]. This condition sat-
isfies that the laser pulse is entirely absorbed at the
beginning of the pulse by electron gas near the metal
surface and the energy is distributed at fs scale (pulse
duration) in the entire thin film by collision to the
atomic lattice through electron-phonon coupling.

The initial values TTM are as follows. The ini-
tial conditions for both electrons and phonons are:

, 2 , 2T z t T z t Te p p ol
   
   
   

    (9)

with To  is the initial temperature. Here we as-

sume that the thermal wave does not reach the re-
mote boundary during the calculation time[29].

Ablation depth

The ablation depth can be expressed as[13, 37, 13]:
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(electron heat conduction) (11)

The two ablation regimes in laser ablation are
the multi-photon (skin depth) and the electron diffu-
sion (thermal) regimes, respectively. These come out
of the Arrhenius-type evaporation equations, and
describe the ablation process by for high-intensity
ablation[15].

For low incident fluences, the skin depth (de-
fined above as ) defines the effective depth of ab-
sorption, because the density of hot electrons is rela-
tively low and the laser pulse energy is mainly de-
posited in the shallow region which is the penetra-
tion depth. In the higher laser fluences, the contribu-
tion of electronic heat conduction becomes more sig-
nificant, and the electron thermal diffusion length

(defined as l D a ) dominates and increases the

ablation rate over that of the skin depth[15].

Numerical results

The numerical analysis was performed for cop-
per film using the two-temperature model, and simu-
lation results for thermal transport for copper heated
by femtosecond laser pulse will be presented by fi-
nite- difference time domain (FDTD). This method
is essentially grid-based differential time domain
numerical modeling method. The method is
discretized and implemented in Matlab. The results
will show some differences than the published re-
sults in the temperature distribution and in the elec-
tron temperature. First of all, the increment in time
of stable and convergent solution was carried out
and adjusted until a high resolution of the model 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
lattice temperature at the front surface are presented
in Figure (1) against time with laser fluence of 0.8
J/cm2, wavelength 800 nm[25], with a spot size of 20
µm in diameter keeping the spot size much larger

than the sample thickness, and pulse duration 80 fs.
The results simulated by the TTM with dynamic op-
tical and thermophysical properties.

The simulation was carried out at laser intensity
(I=1013 W/cm2), but really the onset of the plasma
regime takes place[5]. This value should be large
enough to trigger the formation of plasma on the sur-
face, and the onset of plasma in front of the target
will be affecting all optical and thermal properties
of the target and of laser-matter interaction[5].

The different times of the peak temperatures of
electron and lattice are obvious, and the lattice had
a lag time of 0.2 ps to reach its maximum tempera-
ture. It is important to emphasize that the calculated

temperatures Te & Tl  were influenced from the la-

ser matter interaction mechanism and needs around
2.0 ps to 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

p
 2.1 ps, the TTM sug-

gests nonequilibrium thermal transport for electrons
and lattice no longer exists.

When the ionization is completed, the plasma
formed in the skin-layer of the target has a free-elec-
tron density comparable to the ion density of about
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1023 cm-3, 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 eV[14, 8].

The time-dependent of electron temperature, as
can be seen from the previous figure 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 J/cm2. The time scale was ex-
panded in order to show this behavior and the elec-
tron temperature started to decrease with undulation
due to electron-lattice heat exchange by thermal
waves. Thermal waves propagate through the me-

dium with a speed of ( )e e eth
v D T  , depending

on the electron relaxation time e
 , and when this

time increases, the speed th
v will be decreased.

( )
e e

D T
 
is the electron thermal diffusivity. Also this

effect could be interpreted due surface plasmon since
copper has a real part of dielectric constant smaller
than (-1) and to compare the incubational behavior
of this metal with other metal whether surface plas-
mon play an important role or not[16].

The plasma electron temperature-density crossed
gradients may modify the beam transport in a time
scale of a few picoseconds but in shorter time scales,
this effect can be neglected. The plasma electrons
have been heated up to the Fermi temperature by fs

Figure 1 : Time evolution of electron and lattice temperatures at the front surface of copper when irradiated by 0.8
J/cm2 with pulse duration of 80 fs, and wavelength 800 nm

Figure 2 : Time-dependent electron temperature for different laser fluence and constant pulse duration of 80 fs
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laser pulse duration in the thin film, and consequently
the electrical resistivity in this film goes from the
cold solid-liquid phase to the hot plasma one and
decreases with the temperature. The consequence is
that it creates electrical resistivity gradients in the
target which tend to hollow the beam generates an
electric field which tends to eject the plasma elec-
trons out of the beam volume in order to equilibrate
the total charge in a timescale of the order of the
inverse of the plasma electron-ion collision fre-
quency[39].

Figure (3) shows the influence of laser pulse
duration on the spatial distribution of the laser heat
source. The surface temperatures are all follow an
exponential decay. The dynamical optical and
thermophysical properties had been taken into ac-
count and the 1nm step for simulation 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 a longer 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 as low as 0.2 J/cm2

since for high laser fluence, thermal diffusion domi-
nates and increases the ablation rate over the skin
depth. This will conclude that the ablation rate de-

creased as the pulse length was increased[16]. It was
found that the damage threshold increased with pulse
duration[6], which agrees with the previous research
on fs laser ablation of Cu and Al films and fs laser
ablation of fused silica[23, 35]. Damage threshold is a
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
material[16].

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-
ture distributions are very different in all these cases.
When the laser pulse was 120 fs the surface tem-
perature had a steeper spatial distribution. In other
words, it deceases fast with the diffusion depth. The
higher electron temperature within a narrower spa-
tial range means that most of the absorbed laser en-
ergy is confined within a very small volume because
of weaker electron 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 in a larger volume and the electron diffusion
becomes stronger.

To investigate the influence of laser pulse dura-

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/cm2
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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 was found to in-
crease as laser pulse and laser fluence increase.
Hence, it is worth mentioning that it is important to
point out that the higher laser fluence leads to a strong
ablation, which is much larger than the fluence that
generated a gentle ablation located in the vicinity of
central pulse incidence.

The nonlinear dependence of ablation depth with
fluence is attributed to more efficient multi-photon
ionization at higher peak intensities and plasma den-
sity increases with the laser intensity rising[14]. The
multiphoton absorption associated with the high in-
tensity of fs pulse is responsible for bond breaking
and sub- sequent emission of electrons and ions[6].
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[7]. At low
fluence, the pulse heating of the material is not enough
to reach a temperature high enough in order to va-
porize the material; hence pulse duration should be
increased.

Nolte et al. (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, plasma shielding of the laser ra-
diation, and increased heat-conduction losses[33].

The effects of dynamical properties on 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[24]. Ablation threshold
fluence was calculated to be 0.68 J/cm2 when the
electron temperature dependent was taken into ac-
count, while a threshold value of 1.92 J/cm2 when
simulation was carried out as the electron tempera-
ture independent.

Figure (5), the ablation depth dependence on the
laser fluence for 120 fs laser pulse, shows two dif-
ferent logarithmic dependences that can be explained
when the electron thermal diffusion length (defined
as ) taken to be electron temperature dependence,
and can be written as, accordingly:
  ( ) el T D Te e a (12)

Hence, diffusivity can play an important role in
ablation process. When simulations were 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 feature that can be observed from the figure
was the nonlinearity in the behavior of the curve at

Figure 4 : Shows the ablation depth as a function of single laser pulse duration, for different laser fluence
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Figure 5 : Illustrates the effects of diffusivity on the abaltion threshold and ablation depth of copper thin film with
incident fluence for 120 fs

Figure 6 : Represents the simulation results of threshold ablation fluence versus laser pulse duration when
diffusivity was taken as electron temperature dependent. The laser fluence was 0.6 J/cm2

higher laser fluence because no consideration was
taking into account for the relaxation time in both
heat flux and temperature gradient, i.e., a dual 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).

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

threshold ablation fluence was found as 1.86 J/cm2

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 simulation, 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 value for the surface temperature 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 the laser pulse duration[4], with a behavior
similar to our result except the sharp decrease.
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The evolution of electron 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
as laser fluence was kept constant resulting in a much
decreased ablation efficiency, and especially when
considering the crater depth evolution versus fluence.

The peak value (optimum) in the threshold abla-
tion fluence can be explained as the fluence for which
there is a significant and ultrafast nonlinear ioniza-
tion by the very leading edge of the pulse, up to the
critical density, giving rise to a highly efficient lin-
ear absorption of the intensity peak[11]. This is at-
tributed to the development of the plasma formed in
a thin 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-
creased[38].

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 fluence was 0.6 J/cm2 and pulse
duration of 80 fs. These values were taken from the
previous simulation to assure it is near the optimum
values and close to the ablation threshold with higher

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. The hole rep-
resents the characteristic of high-temperature melt-
ing inside the ablation region. The distinct ring
around the hole with a black color, which is almost
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. The asymmetry in the expanded rings can be
attributed to the laser beam characteristics and la-
ser-copper interaction. In the simulation a Gaussian
beam was considered. The profile around the crater
reveals a nonuniform progression in material re-
moval, which relates to known imperfections in the
intensity distribution of the laser beam employed and
also related to the complex nature of the laser sur-
face interaction[34]. Xin-yu et al. (2009) studied the
spatially nonuniform heat distribution for Cu and Ag.
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 is absorbed 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[48].

The parameters of copper used in the simulation
are given in TABLE 1. The thermophysical proper-

Figure 7 : Surface features of Cu induced by a single 80 fs laser pulse duration and laser fluence of 0.6 J/cm2 . The
crater is surrounded by rings showing the temperature spatial distribution nonuniformally
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ties used in the calculations were taken from Ref.[36].
Electron relaxation time of copper at room tempera-
ture was taken as 25 fs[44].

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 properties had been included in
the simulation. Time evolution of electron 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 undulation in
electron temperature decrease was explained due to
surface plasmons in copper. Ablation parameters
were investigated in the simulation in terms of abla-
tion depth and threshold ablation fluence. Dynami-
cal optical and thermophysical properties were found
to have an impact on the ablation depth. The results
also showed that diffusivity had pronounced effects
on the ablation threshold and ablation depth of cop-
per film. The laser pulse duration was found to have
a crucial effect on the threshold ablation fluence.
Crater formation on the surface of copper was found
to have a spatially nonuniform temperature distribu-
tion. The ablation yield as a function of fluence and
taking into account both the pulse duration and its
propagation inside the material can influence the cra-

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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TABLE 1 : Parameters of copper used in the simulation

Properties Value 

Lattice room temperature T
l

 (K) 300 

Thermal conductivity (W/m.K) 407.88-0.0272×Tl
-2.658×10-5× 2

l
T -3.0x10- 9× 3

l
T  

Molar weight, M (kg/kmol) 63.546 

Boiling temperature (K) 2835 

Melting temperature (K) 1357 

Femi energy (eV) 7.04 

Density (kg/m3) 8.94×103 

Specific heat (J/kg. K) 313.75+0.324×T
l

-2.687×10
-4

× 2
lT +1.2568×10

-7
× 3

lT  

Thermal expansion (25oC) (ìm/m.K) 16.5 

Fermi velocity (m/s) 1.57x106 

Ionization (eV) 7.7264 
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