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Ablation of metals with picosecond laser pulses: Evidence of long-lived nonequilibrium
conditions at the surface
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We report here experimental results on laser ablation of metals in air and in vacuum in similar irradiation
conditions. The experiments revealed that the ablation thresholds in air are less than half those measured in
vacuum. Our analysis shows that this difference is caused by the existence of a long-lived transient nonequi-
librium surface state at the solid-vacuum interface. The energy distribution of atoms at the surface is
Maxwellian-like but with its high-energy tail truncated at the binding energy. We find that in vacuum the time
needed for energy transfer from the bulk to the surface layer to build the high-energy tail, exceeds other
characteristic timescales such as the electron-ion temperature equilibration time and surface cooling time. This
prohibits thermal evaporation in vacuum for which the high-energy tail is essential. In air, however, collisions
between the gas atoms and the surface markedly reduce the lifetime of this nonequilibrium surface state
allowing thermal evaporation to proceed before the surface cools. We find, therefore, that the threshold in
vacuum corresponds to nonequilibrium ablation during the pulse, while thermal evaporation after the pulse is
responsible for the lower ablation threshold observed in air. This paper provides direct experimental evidence
of how the transient surface effects may strongly affect the onset and rate of a solid-gas phase transition.

DOI: 10.1103/PhysRevB.71.174405

I. INTRODUCTION

Many experimental and theoretical studies of the ablation
threshold and the ablation rate for metals irradiated with pi-
cosecond laser pulses clearly demonstrate the presence of
two different ablation regimes depending on the pulse
duration.'"!° For pulses longer than about 100 ps, the surface
temperature is determined by the thermal diffusivity of the
material and hence the ablation proceeds in equilibrium con-
ditions. The threshold fluence Fy,,, sometimes referred as the
damage threshold, increases with pulse duration ¢, according
to the relation Fy,.o tpl/ 2. However for subpicosecond pulses
ablation proceeds in nonequilibrium conditions because the
pulse duration is shorter than both the electron-to-lattice en-
ergy transfer time, which is of the order of 1-10 ps, as well
as the electron heat conduction time. Hence the electrons
cool without transferring energy to the lattice.®"!* In this re-
gime the ablation threshold becomes independent of the
pulse duration. However, the transition observed experimen-
tally from the ablation threshold expected for the nonequilib-
rium regime to the thermal regime occurs at unexpectedly
large pulse durations, for example, up to ~100 ps in gold.>!°
This indicates that for some reason, which is not yet fully
understood, the thermal mechanism does not contribute to
the ablation rate at fluences near threshold, as might be ex-
pected, even when the pulse width is up to ten times longer
than the electron-lattice equilibration time.

In this paper we report experiments using intermediate
duration pulses, 12-ps long, which show that in the same
laser illumination conditions the ablation thresholds of metal
targets irradiated in air are significantly lower than when the
same targets are irradiated in vacuum. Analyzing this obser-
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vation we found that the time to establish the high-energy tail
of the Maxwellian energy distribution of atoms at the surface
must be considered along with time for equilibration of the
electron and lattice “temperatures.” Specifically, in vacuum
the time needed to transfer energy from the high-energy
Maxwellian tail from atoms in the bulk to the atomic layer at
the surface (bulk-to-surface energy transfer time #, ) be-
comes the crucial parameter that determines the relative con-
tribution of equilibrium (thermal) evaporation and nonther-
mal ablation to the material removal rate, especially near the
ablation threshold. Our analysis, therefore, suggests that ther-
mal ablation will only dominate when the pulse duration is
comparable to or longer than the bulk-to-surface energy
transfer time. The presence of air speeds up the creation of
the Maxwellian distribution at the surface in effect increasing
the role of thermal evaporation and leading to a reduction in
the ablation threshold. Our results may be useful in explain-
ing transition from short pulse to the long pulse ablation
regime reported for different materials.'-?

In this paper we first present experimental results on ab-
lation of aluminum, copper, steel, and lead in air and in
vacuum using 12-ps 532-nm pulses generated by a 50-W, 4.1
MHz mode-locked Nd: YVO, laser. We analyse the ablation
mechanisms near and above the ablation threshold for these
intermediate duration pulses. We demonstrate for the first
time, to our knowledge, the importance of the time needed to
transfer energy from the high-energy tail of the Maxwellian
distribution created in the bulk to the nonequilibrium surface
layer in laser ablation with short pulses. We develop a gen-
eral theoretical model of laser ablation near and above the
ablation threshold, based on the process of energy delivery to
the atomic surface layer, and applied it to the ablation con-
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ditions. The theoretical model is shown to be in good agree-
ment with the experimental data.

II. EXPERIMENTAL RESULTS
A. Experimental conditions

The ablation experiments were carried out with laser
pulses generated by a 50-W long-cavity mode-locked
Nd:YVO, laser'-'? using a number of Al, Cu, steel (Fe), and
Pb targets. The samples were exposed to 12-ps 532-nm
pulses at a pulse repetition rate of 4.1 MHz; the energy per
pulse on the target surface was £,=6.5 uJ. The beam profile
measured after a multipass slab amplifier was close to a
Gaussian shape with M?>=1.15 in the vertical direction and
M?=1.4 in the horizontal direction.'?

Two sets of experiments were performed: one with the
targets in air and the other in a vacuum of ~5 X 1073 Torr.
The energy per pulse and the pulse duration were fixed,
while the energy density (fluence) was varied by moving the
samples away from the focal plane of a 300-mm focusing
lens so that the illuminated area was changed from S,
=49x10°cm* (d=25 um FWHM) to ;=12
X 1074 cm? (d/=124 um). This corresponded to a span of
fluences from 5.4 X 1072 to 1.3 J/cm? (or, of intensities from
42x10° to 1.0X 10" W/cm?). The profile of the focused
beam was determined by attenuating the beam in front of the
focussing lens and re-imaging the focal plane onto a CCD
camera using a microscope objective. To avoid drilling cra-
ters in the target, the beam was scanned with X and Y oscil-
lating mirrors operating at 61 and 59 Hz, respectively, over
an area of approximately 17X 13 mm?. This led to quasiho-
mogeneous scanning over the ablated area by creating a Lis-
sajous scan pattern. The scanning speed is normally too slow
to physically separate the beams from adjacent pulses for
pulse trains in the 1-100 MHz range, many laser pulses still
arrive at the same spot on the target surface. One can easily
calculate the time that the laser beam “dwells” over a focal
spot of size, dy, for a given scanning frequency w, using the
condition @t .y, Wslmin << 1. Thus, the maximum dwell time
i8S ty0=(4/ ) (d// a)'?. Similarly, the minimum dwell time
near the center of a target at the maximum scanning velocity
is tpin=dg/aw,. In the conditions of our experiments a
~ 15 mm, d;=25-124 microns, and w,~60 s~!'. Therefore,
the minimum and maximum dwell times are in a range ¢,
=2.8X107-1.38 X 107* s, £,,,x=2.7X 10736 X 1073 5. Cor-
respondingly, the minimum and maximum number of pulses
hitting the same spot at 4.1 MHz repetition rate are N,
=115-566, Ny =1.1 X 10*-2.48 X 10%,

Since many pulses hit the same region of the target in
succession, it is important to note that provided the target
cools completely between consecutive pulses, then should be
no interaction between them. The laser interaction with a
target then proceeds in the same way as for a single pulse
provided, of course, any crater formed by the preceding
pulses is insignificant. This is the case near the ablation
threshold. As will be shown later, the characteristic cooling
time (3X 1071 s—2x 1070 5) for laser heated skin layer in
the metals studied in these experiments is much shorter than
the time gap between the pulses of 2.5X 107 s. Therefore,
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target cools down completely between consecutive pulses
and laser-target interaction near threshold proceeds in the
single pulse mode.

It is important to achieve a high intensity contrast (the
ratio between the peak pulse power to that of the back-
ground) during ablation experiments near the threshold to
ensure that no surface modification occurs between the
pulses due to, for example, amplified spontaneous emission.
The energy contrast was measured at 1064 nm by using an
acousto-optic modulator, triggered by the laser pulse train, as
a gate to synchronously eliminate the mode-locked pulses
from the output laser beam. This allowed the background
power level between the pulses to be measured using a sen-
sitive photodetector. Using the known pulse duration, the
intensity contrast ratio R, was found to be R,~4X10".
Since the output was frequency doubled in a nonlinear crys-
tal the contrast ratio in the second harmonic beam should
increase to ~R02 meaning that the emission between pulses
was negligible. In addition five dichroic mirrors optimized
for high 532-nm and low 1064-nm reflection were used to
suppress the 1064-nm radiation at the target by a factor or
>107.

B. Ablation mass, depth, and ablation thresholds

Total amount of material ablated over a 60-s period in the
ablation experiments was measured by weighing the sample
with the accuracy £10~* g before and after the ablation. The
ablated mass per single pulse m,, was determined by aver-
aging the mass difference over the 2.46 X 10® pulses. We in-
troduce the ablation depth per single pulse as follows:

Ty (1)

Li="3 >
abl Sfp

where p is the target mass density and Sy is the focal spot
area. To avoid redeposition of the ablated material back onto
the target surface due to the collisions of the ablated vapors
in the experiments in air, the vapors were sucked away from
the target surface. The target has been examined after abla-
tion under the optical microscope and no redeposition was
found. If the redeposition did occur in a submicron scale, this
would lead to an increase of the ablation threshold, while the
experiments demonstrate the opposite. The measured abla-
tion depths for various ablated materials as a function of the
incident laser fluence are shown in Fig. 1.

There is an upper limit for the mass of material (or, maxi-
mum for the ablation depth) ablated by a single laser pulse
with the pulse energy E, (or fluence F,), with atomic mass
M, and binding energy &, (energy of vaporization per atom)
assuming total absorption, i.e., 4=1. This is determined from
energy conservation'’

F.M
= 2)
epP
EM
mipt = == (3)
€p

The limiting values given by Egs. (2) and (3) are higher than
the experimental data. This indicates that the measured data
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are physically reasonable, and that the difference is caused
by incomplete absorption A of laser radiation in the target
(4<1), energy loss to bulk heating of the target, and the
energy expended in the form of kinetic energy of the expand-
ing plume.

The measured ablation depth as a function of fluence al-
lows one to determine the ablation threshold. The focal spot
diameter is much larger than optical absorption depth, which
is a few tens of nm corresponding to the skin depth of the
metal. Thus, ablation can be considered as a one-dimensional
process. The fluence at the ablation threshold can be deter-
mined by extrapolating the ablation depth dependence to the
zero depth, such as it was used in a number of reports.>>-°
However it appears that the threshold obtained this way may
depend strongly on the extrapolation procedure since the flu-
ence dependence is not a simple linear function. Indeed, it is
known from statistical physics'® that the relative average
fluctuation in the number of particles in an open system
grows up as the average particles number goes to zero:

(AN)z/ N=1/N. Therefore the relative error in experi-
ments trying to measure the ablation threshold for a decreas-
ing number of ablated atoms will increase. In practical terms
repetition of an ablation experiment at the same fluence close
to the ablation threshold should produce randomly scattered
results in terms of particle removal. In our experimental data
this is reflected by the fact that is impossible to find a physi-
cally justifiable extrapolation to zero depth. As a result it
seems reasonable to define the ablation threshold as the en-
ergy density needed to remove a single atomic surface layer.
The threshold introduced using this condition can be justified

by comparing the experimental and theoretical results for
nonequilibrium ablation using femtosecond pulses.!® The ab-
lation threshold fluence Fy,., derived in this manner from the
experimental data for different metals is presented in Table 1.
We note that the threshold for Cu in vacuum, for example, of
0.41£0.05 J/cm? is in good agreement with the results of
Nolte et al.® (Fy,,=0.375 J/cm? for 9.6-ps and 0.423 J/cm?
for 14.4-ps pulses).

Table I shows that for all the metals studied the ablation
threshold in air was found to be noticeably lower than in
vacuum. We emphasize that these experiments were carried
out using identical laser and focusing conditions so that the
only significant variable was the presence or absence of air.
Hence the errors in the relative values presented in Table I
are small.

In what follows we consider below the physical processes
during the pulse and after the end of the pulse in order to
understand why air should influence the ablation rate and
threshold. In particular we search for the explanation of why
the ablation depth in air near threshold is much larger than

TABLE 1. Threshold fluence for ablation of metals by 12-ps
pulses measured in air and in vacuum.

Metal, M, [au.] Al 2698 Cu, 63.54 Fe, 55.85 Pb, 207.19

Fy, in air, 0.17£0.03 0.23£0.03 0.19+0.02 0.008+0.002
[J/em?]
Fy, in vacuum, 0.32+£0.04 0.41£0.05 0.36+0.04 0.08+0.02

[J/em?]
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TABLE II. Plasma frequency, time for the energy transfer from
electrons to the lattice, and thermal diffusion rate calculated with
the electron effective masses (Refs. 14 and 30) (see details in Ap-
pendix B).

Metal Al Cu Fe Pb
wy.=(4men,/m,)"?, 100 s7 197 1395 082 146
t,; (ps) 1.695  6.04 155 132
tw (ps) 262 256 960 139.6
C, (in units k) 0473 076 0.122  0.269

when the same target is irradiated in the same conditions in
vacuum. We also discuss a difference between the single-
pulse and the multiple-pulse laser ablation which could be
relevant to the conditions of these experiments.

II1. DISCUSSION

Two qualitatively different ablation mechanisms must be
considered for the intermediate range pulse duration used in
these experiments: one is nonthermal ablation and the other
is thermal evaporation. Nonthermal ablation occurs when the
surface atoms gain an average energy (7) from the laser
greater or equal to the binding energy &,. In such conditions
atoms from the outermost surface layer can leave the surface
with kinetic energy equal to 7—g,. Note that nonthermal
ablation ceases to exist when 7'<<g,,. In such conditions only
thermal ablation occurs which involves the escape of atoms
whose energy exceeds g, from the high-energy tail of the
Maxwellian distribution.

The processes of laser energy absorption by electrons, en-
ergy transfer from electrons to ions, and the establishment of
the Maxwellian energy distribution among the atoms takes
place both during and after the laser pulse. The contribution
of thermal evaporation and nonthermal ablation to the total
material removed from the surface essentially depends on the
duration of these energy transfer processes. In what follows
we estimate the characteristic times of these processes and
calculate the ablation thresholds for ablation in vacuum and
in air by a single pulse comparing the result to those of our
experiments.

A. Electron-to-ion energy-transfer time

First, let us consider the electron-ion collision frequency
in the absorbing layer. The maximum electron temperature in
this surface layer rises up to a few eV by the end of the laser
pulse. The effective electron-ion collision frequency v,; for
momentum transfer is of the order of magnitude of the elec-
tron plasma frequency w,,: v,;= w, 2 The time for energy
transfer from electrons to ions 1s expressed as Tenergy
=(v,m,/m;)"". This time for the metal targets used in the
experiments is shown in Table II. It is evident that in all
metals except Pb almost all the absorbed laser energy is al-
ready transferred to the ions by the end of the 12-ps pulse.
The thermal diffusion rate tth=lf/D, is also shown for com-
parison in Table II, to demonstrate that thermal diffusion
from the absorbing skin layer occurs much more slowly. We
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note here that the electron-ion energy exchange time is close
to the electron-phonon coupling time (see Appendix A).
These data are in a good fit to the data known from the
literature.!~1°

B. Temperature in the skin layer during the pulse

The characteristic heat conduction time in metals, which
is tthElSZ/D, is at least a few times longer than the 12-ps
laser pulse (D is the thermal diffusivity presented in Appen-
dix B). Therefore, any heat wave propagates to a distance
less than the skin depth during the pulse. For this reason we
can neglect heat conduction from the calculations of the
maximum temperature to the pulse end in the surface
layer.>'" Then the temperature in the skin layer during a
single laser pulse can be calculated using a two-temperature
approximation'?

oT, 24 n
Con,—==—1()— —=(T,— Ty),
e ot ls () td( e L)
aTy
Cing—=—(T,—T 4
e teL( s 4)

where n, and n, are, respectively, the electron and the atomic
number density, C, and C; are the heat capacity of the elec-
trons and of the atoms in the lattice, 4 is the absorption
coefficient, [;=c/wk is the skin depth (w is the laser light
frequency, « is the imaginary part of the refractive index, and
¢ is the speed of light in vacuum), and I(¢) is the laser pulse
intensity. The pulse has the Gaussian time shape I(z)
=lexp[—n(t/t, —1)?]. Correspondingly the total fluence to
the end of the pulse is then expressed as F=/It,(1/V T
+1/2)=1.064 Iyt,,.

Special note should be made of the specific heat (the heat
capacity) of the electrons and the lattice in metals. The con-
ductivity electrons in metals are degenerate if the tempera-
ture is lower than the corresponding Fermi energy (7, <ep).
The Fermi energy is usually higher than the binding energy
for the metals. Therefore, the electrons are degenerate below
and near the ablation threshold. The specific heat of degen-
erate electrons is conventionally expressed as follows:!4

C,~ ﬁkB_Te (5)
2 & F

The specific heat for atoms is equal to 3kz per atom at low
temperature when the atomic motion has an oscillatory char-
acter. At higher temperature the vibrational motion of atoms
changes to a translational one as for a monoatomic gas. The
atom specific heat gradually decreases to the level of 3kp/2
per atom with increasing temperature. The effective bound-
ary dividing the temperature ranges, where the two limiting
values of the atomic specific heat are valid, can be associated
with a potential barrier against the free motion of atoms
through the solid. The temperature T}, at the potential barrier
is related to the binding energy T,~2g,/3.!5 Thus, the in-
crease in lattice temperature as the ablation threshold is ap-
proached is accompanied by a change in the specific heat of
the atoms.
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The electron and lattice temperatures in the surface layer
at the ablation threshold in vacuum for each metal can be
calculated taking the experimentally determined threshold
fluence from Table I, and “hot” plasma optical parameters
from Appendix A. The results of numerical calculations of
Eq. (4) are presented in Fig. 2, and the maximum tempera-
ture at the end of the laser pulse in air and in vacuum are
presented in Table III.

It can be seen from the results that the maximum surface
temperature in vacuum is close to the binding energy, thus
we can conclude that ablation of metals in vacuum at the
ablation threshold starts as a nonequilibrium process. How-
ever, the ablation in air starts at a temperature about half the
binding energy for Al, Cu, Fe, and 10 times lower for Pb.
This is a clear indication of the dominance of the thermal
mechanism of evaporation in air. In order to understand the
difference we shall analyze the energy transfer from the bulk
of the heated material to the outermost atomic surface layer
where removal of atoms begins. It is also instructive to re-
visit the conditions and the formulae for conventional evapo-
ration in thermodynamic equilibrium, and compare them to
the conditions during and after the pulse.

TABLE III. Maximum surface layer temperature at the ablation
threshold fluence in vacuum and in air. The binding energies are
presented for comparison.

Al Cu Fe Pb
Tnaxe €V (vacuum) 2.5 2.9 2.39 1.15
Tioass €V (air) 174 166 149 0.8

Binding energy ¢;, eV 3.065 3.125 3.695 1.795

C. Thermal evaporation in equilibrium conditions
1. Saturated pressure

The pressure at a solid-vapor boundary in equilibrium
conditions (the saturated pressure) is defined by the condi-
tion that the pressure, temperature, and chemical potential
for both equilibrated phase states coincide at the interface!

P =const X T “sexp{—&,/T}, (6)

where ¢, is a specific heat at a constant pressure for the
vapor, ¢,=5/2 kg (for monoatomic gas), 3/2 kgy<c <3 kg
is the specific heat for a solid, depending on density, and g,
is the heat of evaporation per atom or the binding energy. In
conditions close to the critical point one can take c¢,—cq

P
=kp.
2. Thermal ablation rate

In equilibrium conditions at the solid-vapor interface the
number of particles leaving the solid per unit time from the
unit area equals to the number of particles coming back from
the vapor. The differential collision rate for the atoms in the
vapor with the solid surface, in atoms/cm?s, is

dv=vdn,, (7)

where v is the atom thermal velocity and n, is the vapor
number density. Integration of Eq. (7) with the Maxwellian
distribution

Mo\ M 0>
dna=na(—“> exp(— L)4711)251’11
27T 2T

produces the evaporation rate as follows:'®
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n,T _ P
QmMm, 0"  Q2wM, 1)V’

(8)

V= (nav)therm =

where M, is the atomic mass and P is the pressure of satu-
rated vapor defined by Eq. (6). The density of the saturated
vapor in equilibrium 7, is expressed in the form

n, = const X T“p_"s_lexp{— 8—;} o exp{— 8—;} 9)

Equilibrium evaporation in vacuum is conventionally con-
sidered as evaporation at the saturated vapor density corre-
sponding to the equilibrium temperature.!® However, one
should exercise caution with a direct application of the above
equilibrium evaporation formulas to nonequilibrium ablation
by short laser pulses. These equilibrium formulas, as we
demonstrate below, can only be applied after the time needed
to establish both the main part as well as the high-energy tail
of the Maxwellian energy distribution.

D. Time to establish the Maxwellian energy distribution

We estimate the time needed to establish a Maxwellian
distribution in the skin layer at temperature near (1/3
—1/2)g,, close to the experimentally observed ablation
threshold in air. The atom-atom collision time in a neutral
solid is conventionally estimated as .= (n,000)"' =(5
X102 em™3XxX5%10710 em?Xx3%x10* cm/s)'=10""2s
(here o= Trr(z) is the cross section for atomic collisions and
is the atomic radius). Alternatively in a heated solid density
plasma the time for Coulomb collisions reads ..,
~(no,w)~' ~T°2.'7 Both these times correspond to that re-
quired to establish the main part of the Maxwellian distribu-
tion 7.~ tmain- However, it was found a long time ago that
the time needed to establish the high-energy tail of the equi-
librium distribution in plasma is much longer than this col-
lision time.'® Tn a plasma the time to establish the high-
energy tail can be estimated for a particular energy €> T, as
leail = tmain(S/ T)3/2 > Linain-

In the conditions of our experiments the temperature is of
the order of an electronvolt. At the temperature of 1 eV the
degree of ionization is only ~10%, therefore we shall esti-
mate the time to create the high-energy tail in a neutral solid
in conditions where 7),.;<7<<g,. The solid is in a disor-
dered state at 7> T, Thus the interatomic energy ex-
change occurs due to random collisions. In order to increase
the energy of an atom from 7 to &, the atom should experi-
ence N=g,/AT isotropic and statistically independent colli-
sions, each of which increases the atom’s energy from 7 to
T+AT (AT=T/n<T, n>1). The probability of such energy
increase is expressed as follows:

) ()
WIr=e)=\7737) ~\150 - (10

In the limit of n»>1, e.g., taking into account that
lim, ..(1+n"")"=e, the above formula attains the recogniz-
able equilibrium features
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W(T — g,)=e /7. (11)
Now, the cross section to reach energy &, in the conditions
T'<g, takes the following form:

07, = OW(T — &) = aoe T (12)

The time to establish the high-energy tail in isotropic con-
ditions characteristic of a bulk solid which has undergone an
instantaneous rise of temperature to 7<<g, then reads

ttail = tmainegb/T~ (13)

Taking, for example, the average temperature in the skin
layer of ~1 eV, which is close to the threshold conditions
with 12-ps pulses, and the binding energy of ~3 eV, the
high-energy Maxwellian tail is established in the bulk in a
time of about 107,,;,~2 ps (taking f,,in~ 0.2 ps).

The question that now arises is whether the time to create
the Maxwellian distribution in the bulk also applies to the
surface layer. The atoms in the outermost surface layer next
to the vacuum are in fact in a different condition compared to
the atoms in the bulk. Below we consider the processes re-
sponsible for the removal of instantaneously heated atoms
from the surface layer into vacuum, and consider relative
contribution from thermal and nonthermal processes of abla-
tion of atoms near the ablation threshold.

E. Time for the energy transfer from the bulk to the
outermost surface layer

It is well known that the surface atoms are loosely bound
to the bulk making part of bonds dangling or saturated with
foreign atoms.'??° The effects of different bonds leads to
decreases in the Debye and melting temperatures, to changes
in the bond length and interatomic distance as well as the
crystalline structure, and the nature and rate of any phase
transition. However, as was noticed by Prutton:'® “ ...many
surface phases are actually metastable, i.e., the surface is not
in a true thermodynamic equilibrium.” The energy distribu-
tion in the outermost surface layer is the important charac-
teristic affecting the removal of atoms from the surface layer
at the ablation threshold. The energy distribution is respon-
sible for the relative contribution of nonequilibrium ablation
and thermal evaporation.

Atoms from the outermost surface layer will immediately
leave a solid if energy in excess of binding energy is instan-
taneously deposited into this layer. This is the process of
nonequilibrium ablation.!” Tn equilibrium conditions, the
evaporation can proceed at a much lower temperature than
the binding energy. This is due to the existence of high-
energy atoms in the Maxwellian tail with e=g,. However,
the presence of the free surface prevents the equilibrium
from being established in the surface layer itself whose
thickness is comparable to the mean free path for atomic
collision. This thickness is close to the thickness of a mono-
atomic layer. Indeed, if the energy of an atom in this layer
reaches the binding energy due to collisions with the atoms
from the bulk, this atom immediately escapes from the solid.
Thermal evaporation from the surface heated to a tempera-
ture below the binding energy can therefore, only proceed
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FIG. 3. Close neighbor atoms (colored black) delivering high
energy by collisions in a bulk (left) and at the surface (right).

when energy is supplied to the surface from the bulk via
atom-atom collisions. Thus, the time for the energy to in-
crease from e=T<g, to e=g, in the surface layer (that is
the bulk-to-surface energy transfer time #,.) determines the
onset of the thermal evaporation at solid-vacuum interface.
This time is analogous to the time needed to establish the
Maxwellian tail in isotropic conditions in the bulk. The prob-
ability of energy transfer from the bulk to the surface can be
found from a solution of the time-dependent two-
dimensional kinetic equation, which is a formidable prob-
lem! However, one can make a reasonable estimate as fol-
lows.

It is clear that the probability of energy transfer in excess
of &, from atoms in the bulk to those at the surface should be
lower than that between atoms in the bulk due to a decrease
in the number of close neighbors around the surface atom
capable of such energy transfer. For example, the number of
close neighbors (1) equals 6 in the bulk of a closely packed
solid whereas the number of close neighbors from the bulk
(ng) for a surface atom is only 1 because the other four clos-
est neighbors are also surface atoms (see Fig. 3). Therefore
the number of collisions required to increase the energy of a
surface atom N,; will need to be larger compared to that in
the bulk N~ b X Ny, Where b=n,/n,. Correspondingly,
the probability of energy transfer from the bulk to the surface
should be lower in accordance with Eq. (10): Wy~ Wbk,
Wy~ Wisut~ 2 . Then the cross section for a collision
between atoms in the bulk with the surface atoms can be
presented in the form

UOWII;ulk‘ (14)

Now one can arrive to the following estimate for the cross
section for the bulk-to-surface energy transfer

Oy = O Wy (T — ;) = ape 2o/, (15)

Ops= 09 Wb—s -~

The bulk-to-surface energy transfer time thus reads
lps= ["aUUb-s]fl = tmaineb(gb/T)~ (16)

According to Eq. (16), the bulk-to-surface energy transfer
time increases dramatically with decreasing temperature. For
example at T~€,/2, t,.,~1.6 X 10°¢,,,;,~ 3 X 10* ps. Hence
one can see that the bulk-to-surface energy transfer time ex-
ceeds markedly the electron-to-lattice thermalization time
and the heat conduction time at fluences that are below the
threshold for nonthermal ablation. In other words as the sur-
face starts to cool by thermal conduction, the bulk-to-surface
energy transfer time increases to such an extent that it makes
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it impossible for the surface atoms to gain energy above the
binding energy. Hence thermal evaporation does not occur.

F. Contribution of thermal evaporation at 1>1,_

The total ablation is the sum of contributions from non-
equilibrium mechanism at t<<t, ; and thermal ablation at ¢
>t if the threshold condition for the nonthermal ablation
in vacuum is achieved. To quantify this process, let us con-
sider the relative contribution from thermal and nonthermal
ablation mechanisms in vacuum when the nonthermal thresh-
old condition is achieved. The outermost atomic layer, where
Tmax ~ €p, 18 Temoved, thus the ablation depth equals the in-
teratomic distance d. Thermal ablation starts after a time #;_
when the energy in excess of the binding energy is delivered
to the surface layer from the bulk through atomic collisions.
The depth of material removed by thermal evaporation can
be expressed through the time- and space-dependent distri-
bution function as follows:

| I
lp= —f f vf(v,t)d*vdt. (17)
ng, ths v 0

The transient distribution function differs from the equilib-
rium one only by the high-energy tail. Therefore, the average
density n,=f(v,f)d>v and the average velocity v[7(¢)]
=[ovf(v,t)d®v are close to their equilibrium values. The
number density of evaporating atoms (analogous to the satu-
rated density of vapor in equilibrium) can be approximated
as n=n,exp[—b(e,/T)]. Then the evaporation depth in Eq.
(17) is expressed as

o 2T 1/2
1, =~ f (—) e PNy, (18)
1 , M

b-s

The temperature decreases in accordance with linear heat
conduction T=T), (t, /)%, T, ,=T(t,). The latter is ex-
pressed as follows:

iy 12
Tbs:Tm - . (19)

LT Ly

Then, Eq. (18) can be immediately integrated to obtain (see
Appendix C):

2Tb )1/2 Tbs -
Iy~ 1, S =2 emben Ths, 20
th b—s( M 28be ( )

The maximum temperature at the end of the pulse in the
absence of losses is proportional to the total absorbed fluence
T, ~F,.'” Hence the thermal evaporation depth scales with
the absorbed fluence as lth~Fi/ 2,

A conservative estimate taking the maximum surface tem-
perature at the nonthermal ablation threshold 7,,~¢g,, #,.
~80 ps, t,~30 ps, v~10° cm/s, Tp,=0.52T,, gives ly~2
% 107" cm<d,. Thus, nonequilibrium ablation completely
dominates thermal evaporation. We therefore can conclude
that in vacuum thermal evaporation at the ablation threshold
and below that threshold is completely negligible.
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TABLE IV. Threshold fluence for ablation of metals by 532 nm
12-ps pulses calculated assuming plasma conditions compared with
those measured in the experiments in air and in vacuum.

Metal Al Cu Fe Pb
Fy,[J/cm?], 0.34 0.404 0.28 0.106
Eq. (21)

Fyr in vacuum, 0.32+£0.04 0.41£0.05 0.36+0.04 0.08+0.02
[J/cm?]
Fy 1n air,
[J/cm?]

0.17+0.03 0.23£0.03 0.19+£0.02 0.008=0.002

G. Ablation threshold in vacuum

From the above we have concluded that the ablation of
metals in the experiments in vacuum is essentially a nonther-
mal process. The threshold laser fluence can be defined from
the condition that the temperature at the end of the pulse
equals to the binding energy!?

m 15817
th 24

{C.(ep)n,+ 1.5n,}. (21)

We note that the above threshold definition is based on the
calculation of temperature under the assumption that all the
losses are negligible.

In the long pulse limit electron thermal conduction deter-
mines the depth of the zone where the energy is deposited
l,>1,. Equation (21) then reproduces the well-known
square-root dependence on the pulse duration since the skin
length is replaced by the heat conduction length [
=(Dt,)"22122 This dependence of the ablation threshold on
the laser fluence would be expected to start at pulse durations
for which thermal losses become significant during the laser
pulse.

Finally we refine our estimate of the ablation threshold in
the resulting nonthermal conditions in vacuum. To make
such estimates we need reliable values for the optical param-
eters of the surface. The optical parameters of metals at room
temperature are well documented®® (see also Appendix A).
However, atoms in the surface skin layer are partially ionized
at the temperatures near the ablation threshold, hence the
optical properties such as absorption, skin depth, can change,
and are difficult to measure during and after the laser
pulse.?*?3 We, therefore, calculate these optical properties
assuming the existence of hot plasma in the surface layer
(see Appendix A). These calculations are in agreement with
more complicated computer simulations,”® which take into
account two-temperature hydrodynamics and transient ab-
sorption changing from the cold metal to plasma during the
laser pulse. The calculated ablation thresholds for a single
12-ps laser pulse (A=532 nm) are presented in Table IV. The
calculated threshold values are in reasonably close agree-
ment with the experimental data in vacuum. However, the
most significant differences exist between the ablation
thresholds in air and in vacuum. In order to understand these
differences we shall consider how the presence of air can
effect thermal evaporation that is the only process that can
occur below the vacuum ablation threshold. The question is

PHYSICAL REVIEW B 71, 174405 (2005)

how is thermal evaporation “turned on” by the presence of
air when we concluded it is negligible in vacuum?

H. Thermal ablation in air after the pulse

Before we can proceed to analyze ablation in air, we have
to be sure that there is no optical breakdown in the air next to
the surface in the conditions of the experiments. Breakdown
of air by 10 ps pulses produced by a Nd:YAG laser (1064
nm) has been reported to occur at an intensity of 3
X 10" W/cm? .2’ The breakdown time scales in inverse pro-
portion to o(IX\2)7!, thus the breakdown threshold for
12-ps 532-nm laser should be around 10" W/cm? The
maximum intensity in our experiments was of the order of
10" W/cm?, which appears well below the expected break-
down threshold. Indeed, no breakdown (no spark) was ob-
served, therefore we can conclude that the vapors remained
neutral during the experiments.

After the laser pulse, the air next to the heated surface
layer gains energy through collisions with the solid target.
This results in the establishment of a Maxwellian distribution
in the air near the air-solid interface. Hence it is possible for
the air to play the same role as the saturated vapor in classi-
cal thermal evaporation. The presence of air introduces a
new pathway allowing the creation of the high-energy tail of
the Maxwellian distribution in the surface layer augmenting
the bulk-to-surface energy transfer process discussed earlier.
Thus there are now three processes acting at the same time
which determine the ablation conditions at the solid-air in-
terface: (i) evolution of the Maxwellian distribution at the
surface due to air-solid collisions, (ii) evolution of the Max-
wellian distribution at the surface due to bulk-to-surface en-
ergy transfer, and (iii) cooling of the surface layer by heat
conduction. Whereas we concluded that mechanism (ii) was
too slow to result in thermal evaporation when 7<g, the
role of the air could be to significantly increase thermaliza-
tion at the surface allowing thermal evaporation to take place
after the air-solid equilibrium has become established. The
ablation rate then can be calculated using thermodynamic
phase equilibrium relations, which link the saturated vapor
density (pressure) to the vapor temperature. Let us consider
all these processes in sequence.

The air-solid equilibrium energy distribution is estab-
lished by collisions of air molecules with the solid. The gas-
kinetic mean free path in air in standard conditions is /,;
=6X 107 cm.'> Therefore, the equilibration time toq needed
to establish a Maxwellian distribution in the gas can be esti-
mated as 7.4~y /vy, Where vy, is the average thermal ve-
locity in air. We estimate this time at room temperature
(v;p=3.3X10* cm/s) t,,~1.8X107'" 5. The bulk-to-surface
energy transfer time calculated by Eq. (16) at the maximum
temperature (T, ~ &,/2) for conditions equal to the thresh-
old fluence in air constitutes 7, (= fy,ie'? ~30 ns> 1, for
Cu, Al, and Fe after the pulse. Thus, only the air-surface
collisions could lead to the formation of high-energy Max-
wellian tail, and therefore to thermal evaporation from the
surface.

The evaporation rate can be calculated in the following
way. The solid-air temperature equilibration is completed
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when the surface temperature has dropped due to thermal
conduction t0 To=T,,(t,/t,)"?. Here T,, is the maximum
temperature at the end of the laser pulse at the experimental-
determined threshold fluence for ablation in air. The values
were presented in Table III. Thermal evaporation starts after
the equilibration time > {4 and the temperature at the solid-
air surface continues to decrease in accordance to the linear
heat conduction law. We suggest that thermal evaporation
proceeds at a vapor density corresponding to the temperature
at the solid-air interface. The number of atoms ablated per
unit area after establishing the Maxwellian equilibrium can
be estimated as

<nvt>therm = f (nv)thermdt‘ (22)
log

A reliable estimate of the evaporation rate can be obtained
with the numerical coefficients extracted from the known
experimental data at the temperature close to our experimen-
tal conditions. Such data exist for copper: at the temperature
7=0.25 eV(=2850 K) the saturated vapor pressure and den-
sity are, respectively, 107 erg/cm® and 2.67 X 10'° cm™3.28
With the help of Eq. (9) the interpolation formula for the
ablation rate then follows:

4.85 t
(V)4 0y = 8.95 X 103 exp) — ——= [&rzns]. (23)
' TeV] )| ecm™s

Integration of Eq. (22) with Eq. (23) and T= Tm(tp/l)l/2 re-
sults in the ablation rate of 5.28 X 10'> cm™2. Another inter-
polation for the saturated vapor density:?®

_ 3.173(4T[eV] - 1)}
TleV]

yields an ablation rate of 4.26x 10" cm™2, which is very
close to that from the interpolation by Eq. (23).

Unfortunately we could not find any high temperature
data for Al, Fe, and Pb. However, thermal ablation rates can
be estimated assuming that the equilibrium in the vapor-air
mixture with a predominance of air plays a role of the satu-
rated vapor over the ablated solid. Then one can estimate Eq.
(22) as

Ngacu = 2.67 X lolgexp[

1/2
nairTeq t
(27TM )1/2 eq
a

[ atoms

<nvt>therm = f (nU)thermdt = 2 :| . (24)
¢ m

eq

The resulting values should be compared to the correspond-
ing areal number density 7, X d,,,, in the atomic monolayer
which corresponds to our threshold condition as described
earlier. The values predicted by Eqgs. (23) and (24) are pre-
sented in Table V for comparison with the areal density of a
monolayer. It is clear that the predicted number of the ther-
mally ablated atoms is, in fact, close to the number of atoms
in a monoatomic layer.

Table V suggests that thermal evaporation well after the
end of the laser pulse at fluences corresponding to the thresh-
old measured in air can, indeed, be responsible for the re-
moval of a monoatomic layer for Al, Cu, and Fe. This is in a
good agreement with the experiments, as the threshold flu-
ence was introduced as the fluence needed to remove a single
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TABLE V. The predicted numbers of atoms thermally evapo-
rated after the pulse once a Maxwellian distribution has been estab-
lished compared with the number of atoms in a monolayer.

Al Cu Fe Pb

[n0t)perm» 10 ecm™, Eq. 24) 2.4 528 167 045

[n0f]herm» 105 em™2, Eq. (23) 426

Na X dpono» 10 cm™ (number  1.72 2,16 2.0 115
of atoms in a monolayer)

atomic layer. Therefore, we can conclude that the presence of
air decreases the single pulse ablation threshold by approxi-
mately a factor of two relative to the vacuum case due to the
contribution of thermal ablation assisted by the presence of
the air well after the end of the pulse.

The measured ablation thresholds for Pb in air and in
vacuum differed by an order of magnitude and the calculated
results for lead are somewhat lower relative to the areal den-
sity of a monolayer than for the other materials. It should be
noted that this may be caused by the fact that the optical
properties of lead as function of temperature are poorly
known and could differ from the “hot” plasma parameters
used in this paper (Appendix A). It is also possible that Pb
has a more pronounced cumulative effect from consecutive
pulses (as will be discussed next). As one can see from Eq.
(21), the ablation threshold is a function of absorption coef-
ficient, which is temperature dependent. For example, the use
of optical characteristics for cold aluminium can lead to an
order of magnitude difference in the expected ablation
threshold.

I. Multipulse thermal ablation in vacuum

As demonstrated in the previous section, the presence of a
gas next to the solid surface increases the ablation rate due to
thermal evaporation after the pulse. A similar effect may take
place when a high repetition rate laser is used for ablation
because of the accumulation of a dense vapor in front of the
solid target surface from successive pulses.

One can estimate the conditions for such accumulation
effects as follows. Thermal ablation can be efficient once a
Maxwellian distribution between the vapor and the solid has
been established. Thus, the first condition for cumulative
evaporation is that the equilibration time should be shorter
than the time gap between the pulses teq=(}10'u)’1 <Rr_elp.
From this condition, the vapor density should comply with
condition n>(R,,/ ov). Thus, taking the experimental con-
ditions R,,=4.1X10°s™", ¢~107" cm?, and vy~10°
cm/s, the vapor density should be 1,>4 X 10' cm™. Thus,
for the vacuum ablation in our experiments at P=3
%1073 Torr (n,=1.8X 10" cm™) the density near the ab-
lated surface should increase more than 200 times due to the
action of many consecutive pulses.

Let us consider the conditions for such density build up.
The plume expands adiabatically because the entropy and the
energy are conserved after the pulse. The specific features of
the isentropic expansion are the follows: the density and the
temperature of a plume go to zero at the finite distance from
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the initial position (in contrast to isothermal expansion),
while the velocity is at maximum.'> Therefore the density
next to ablation surface has a steep gradient. The size of the
expanding plume grows linearly with time:

R = =, (25)
Rrep

which is ~250 microns in experiments. The experimental
data of Fig. 1 indicate that slow nonequilibrium ablation
does take place when the surface temperature is as little as
half the ablation threshold. This is plausible because only a
few collisions can lead to some atoms gaining enough energy
to exceed the binding energy. Thus the number of ablated
atoms below threshold for a single pulse is several times
lower than the number of atoms in a monolayer. Thus, the
density increase after the single pulse comprises n,
~ 3N/ 47 (R pay)® = 1.5 X 10" cm™ in the conditions of our
experiments. Hence, more than 103 pulses are needed to cre-
ate a vapor dense enough to “switch on” thermal evaporation
in the manner invoked in the presence of air. In fact in our
experiments around a thousand pulses on average dwell at
the same spot on the target and this may be sufficient to
cause some change of the ablation threshold because of an
increased level of thermal ablation. The difference between
the single pulse and the multiple pulse thresholds is, how-
ever, in a range of experimental error in the case of Al, Cu,
and Fe. However, the difference for lead is large and it might
be explained by the accumulation effect, although as pointed
out earlier the physical parameters for lead are not well
known especially at elevated temperatures. Evidently, more
experimental and theoretical studies needed to understand
the difference between the single-pulse and the high-
repetition rate multiple-pulse ablation threshold.

IV. CONCLUSIONS

Experiments on the ablation of metals in air and in
vacuum by 4.1 MHz repetition rate laser revealed that the
presence of air results in a significant reduction in the abla-
tion threshold. In order to explain this observation we have
analyzed in detail the role of nonthermal ablation and ther-
mal evaporation for the intermediate duration pulses (12 ps)
used in the experiments.

Our analysis shows that for materials such as aluminum,
the single pulse threshold in vacuum agrees with the thresh-
old for nonthermal ablation that is the well-accepted mecha-
nism applying to ultrashort pulses. This implies that in
vacuum there is a negligible contribution from thermal
evaporation both during and after the pulse. The threshold
condition then corresponds to the surface atoms receiving
energy directly from the laser equal to their binding energy.

The somewhat unexpected conclusion that thermal evapo-
ration is negligible led us to examine in detail the character-
istic timescales for energy transfer within the laser-heated
layer. In previous models only the electron-to-lattice energy
transfer time and the thermal conduction time have been re-
garded as important. For the materials that were studied we
find that, generally, the electron and lattice energies equili-
brate close to the end of the 12 ps laser pulse and the heat
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conduction time is usually several times longer than the
pulse duration, in agreement with previous work. However,
when the laser fluence is below the threshold for nonthermal
ablation, thermal evaporation will occur only if a Maxwell-
ian distribution of atom energies can be established at the
target surface. We show that the time needed to create the
Maxwellian distribution at the surface is surprisingly long
and is determined by the bulk-to-surface energy transfer time
due to collisions between the surface atoms and those in the
bulk. In fact the time to equilibrate the surface is at least an
order of magnitude longer than in the bulk material and is
strongly dependent on the layer temperature.

Thus, for example, when the laser imparts energy to the
surface atoms corresponding to half their binding energy, the
thermalization time at the surface approaches 100 ps com-
pared with only 1 ps in the bulk. Since the surface thermal-
ization time is now longer than the cooling time of the sur-
face, it becomes impossible for thermal evaporation to
contribute to material removal at fluences below the thresh-
old for nonthermal ablation. It is worth noting that we predict
thermalization of the surface layer still occurs in a time
<1 ns and hence our results are completely consistent with
the many experimental studies of ablation using nanosecond
pulses where it is well established that the thermal mecha-
nism dominates.

The clue to understanding why the ablation threshold is
lower in air than in vacuum then stems from the need to
create a Maxwellian distribution of energies at the surface
for thermal evaporation to occur. In this case collisions be-
tween the air and the laser-heated surface create of a new
pathway by which the surface can thermalize—in fact, the air
replaces the role of the saturated vapor in the classical model
of thermal evaporation. Whilst it takes up to 1 ns for the air
to thermalize with the surface once this occurs thermal
evaporation will still result in the removal of a mono layer
from the surface at fluences between two and three times
lower than the threshold in vacuum. Hence one concludes
that the presence of a gaseous atmosphere switches on ther-
mal evaporation that was negligible in vacuum.

It follows from this explanation that the presence of any
vapor near the target surface could result in a decrease in the
ablation threshold via the same mechanism. We consider the
case of the vapor produced when a high repetition rate laser
such as used in these experiments is used to continuously
evaporate the target. The analysis indicates that the vapor
accumulated from multiple pulses hitting the same spot on
the target has a density close to the value that might reduce
the ablation threshold in our experiments. In particular in the
case of lead this might provide a reason for the larger dis-
crepancy between the measured and calculated threshold val-
ues.

Further experimental studies, including time-resolved
measurements of the dielectric properties, i.e., real and
imaginary parts of the dielectric function during the pulse
and after the pulse will allow one to gain complete under-
standing of the ablation processes near and above the abla-
tion threshold.
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TABLE VI. Optical parameters for metals at room temperature
at 532 nm.

Al Cu Fe Pb?

n 085 2,60 105 201

k 648 258 333 348

A=1-R=1-{[(n-1)*+4*] 0.075 0487 0432 038
/[(n+1)?+k*1}

I, (nm) 13.11 3285 2543 243

Electron-phonon collision 5.42 9.88 8.5 33.57

: _ -
time £, ph =0, p, PS

At 589.3 nm (Ref. 29).

APPENDIX A: OPTICAL CHARACTERISTICS OF
METALS

The values of the temperature to the pulse end and abla-
tion threshold strongly depend on the absorption coefficient
and skin depth. Most of the optical parameters of metals are
known at the room temperature (see Table VI).

We included in the above table electron-phonon energy
exchange rate estimated as the following:

Ji me

Veph =~ A ' M’

where J; is the ionization potential. Metal is converted to a
partially ionized plasma at the ablation threshold, the optical
properties are changed, and they are unknown. One can es-
timate the ratio 4//; as the following. Near the ablation
threshold the condition holds: ves~ @, > w. The dielectric
function and the refractive index then are as follows:

2 2\ -1 n\ 172
w w w &
g~ s"z—ﬂe(u—z), nzk=(—> .

W w W 2

(A1)

The absorption coefficient then immediately follows from
the Fresnel formulas

4n

A=1-R~= ———.
(n+1)>+n?

(A2)
The optical parameters for the “hot” metallic plasma at A
=532 nm (w=3.54x 10" s7") are presented in Table VII.
The electron heat capacity at 7,~ ¢, <ep is also unknown.
We interpolate its dependence on x=T7,/er by the function

= %(Zx—xz) that attains the ideal gas value at 7,=¢). The
electron effective masses for the threshold calculations at
T,=T;=¢, by Eq. (21) were taken equal to those from the

TABLE VII. The optical parameters for “hot” metallic plasma at
A=532 nm.

Al Cu Fe Pb

n~k 1.67 1.45 1.81 1.46
A 0.673 0.716 0.648 0.714
I, nm 50.7 58.4 46.8 58.0

PHYSICAL REVIEW B 71, 174405 (2005)

TABLE VIII. Binding energy and heat capacity.

Al Cu Fe Pb
Binding energy, eV 3.065 3.173 3.695 1.795
C, (in units kp) 0.473 0.76 0.122 0.269

thermal conductivity measurements (see Table VIII).!430

APPENDIX B

The physical properties of metals used in the experiments
are supplied in Table IX.

APPENDIX C: ANALYTICAL FORMULA FOR THE
ABLATION DEPTH

Introducing new variable x=(t/¢,_) ", Eq. (24) reduces to
the following:

27, 172 [
Iy= 2tb_s(7bs> fl exp{— ;—bbsxz}xdxz. (C1)

The last integral is integrated by parts:

“ 4
f exp —ﬂx2 2xdx?
1 T, bs

J exp{— cx’}2xdx?
1

2 fee]
=—- f xd exp{— cx*}
c

1

2 o
=—={xexp{-ex?} - f exp{— u’}du
c -

—Ve

T 4
~ b exp{— ﬂ} (C2)
2g, Tys
In our case always c=4g,/T>2. Therefore [ Oc\z exp{—u*}du
~ 0. Finally one obtains

2T, \V2 T, 4
zthztb.s( ’”) e g (C3)

M 28b TbS

TABLE IX. Physical properties of metals.

Al Cu Fe Pb

Thickness of mono-layer, 108 cm  2.86 2.56  2.35 3.5

Electron density, 10%2 ¢cm™ 186 845 168 132
Atomic density, 10%> cm™> 6.02 8.45 8.5 33
Fermi energy, eV 11.63 7.0 11.1  9.47
lonization potential, eV 586 7.73 79 7417
Binding energy, eV 3.065 3.173 3.695 1.795
Thermal diffusivity, cm?/s 0979 1.165 0.228 0.241

Thermal electron effective mass, 1.48 1.38 8.0 1.97
m*/m, (Refs. 14 and 30)
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