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Temperature dependence of the electron diffusion in metallic targets, where the electron—electron collision is the

dominant process, is investigated with the help of an extended two-temperature model. In sharp contrast to the low

electron temperature case, where only the electron—phonon collisions are commonly considered, the electron diffusion

process underlying the high electron temperatures evolves dramatically different in both temporal and spatial domains.

Calculated results of the ablation yield at different pulse durations are presented for a copper plate impinged by

ultrashort laser pulses with energy fluences ranging from 0.1 J/cm? to 10 J/cm

2. The excellent agreement between

the simulation results and the experimental data indicates the significant role of electron—electron collisions in material

ablations using intense ultrashort laser pulses.
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1. Introduction

Femtosecond pulse lasers have opened up many
new opportunities for the study of ultrafast phe-
nomena such as hot electron dynamics and electron—
phonon coupling in condensed matters.l! =3 Although
some important thermal dynamic behaviours already
have been clarified in experiments by using low-energy
laser pulses, the fast electron relaxation dynamics as-
sociated with high-intensity femtosecond laser excita-

(4]

tion remains to be explored.'*) For example, in the ex-

periment of femtosecond heating of thin gold films re-

51 a nondiffusion-like ballistic heat

ported by Brorson,|
propagation was found to be proportional to time,
which is in contrast to the square root of time depen-
dence of the heat diffusion predicted by the ordinary
conduction theory.[% As first pointed out by Anisimov
et al for a semi-infinite metal surface under the strike
of ultrashort laser pulses, the evolution of the electron
temperature (T) and the lattice temperatures (73 )
can be described by the well-known two-temperature
model (TTM):["-8]

o, 9 T, .
Ce(Te)W - %K(Te)a—x - g(Te - TI) + S(‘Tvt)v (13“)

oT;
ot
where z is the direction perpendicular to the surface,
S(x,t) is the laser heat source, Co(T:) and Cj are the
heat capacities of the electron and lattice, respectively,

G

=g(T. = Th), (1b)

g is the heat transfer rate from electrons to the lattice,
and k(T,) is the electron thermal conductivity, which
in fact is contributed by both electron—phonon (e—ph)
and electron—electron (e—e) collisions.

In most theoretical treatments, only e-ph colli-
sions are taken into account for the electron diffusion
process during and after ultrafast laser pulse heating.
For example, Corkum et al explained the pulse width
dependence of optical damage threshold on polished
Cu and Mo surfaces and they obtained an expres-
sion of the critical pulse width that distinguishes two
different ablation regimes using longer ( > ns) and
shorter (< ps )pulse lasers, respectively.l” With an
assumption of a constant electron thermal conductiv-
ity based on e—ph collision domination, Nolte et al also
derived different logarithmic rules between the abla-
tion yield and the laser fluence for subpicosecond-pulse
laser ablation of metals.['%) By considering an optional
electron heat diffusions, they described approximately

*Project supported by the National Natural Science Foundation of China (Grant No 60378007).

TE-mail: jjyang@nankai.edu.cn

http://www.iop.org/journals/cp  http://cp.iphy.ac.cn



2004 Yang Jian-Jun et al

Vol. 16

the experimental results. However, the recent pump—
probe measurements have revealed that the role of e—e
collisions becomes essential for the electron relaxation
at electron temperatures around or above 1 eV.[11-13]
The e—ph collision dominant electron diffusions are
valid only in the low electron temperature regime.
Thus, an improved understanding of the impact of e—
ph and e—e collisions on the electron diffusion process
is crucial for determining some fundamental proper-
ties such as thermal electron transport, electron state
equations and phase transitions in the scope of laser
ablation with ultrafast laser pulses.

In this paper, we extend the conventional two-
temperature model from the low temperature regime
dominated by e-ph collisions to the high tempera-
ture regime through modifying the electron thermal
conductivity associated with the e—e collisions. The
temporal and spatial evolutions of the electron tem-
perature are investigated in detail for both low and
high temperature regimes, and different scaling laws
of the electron diffusion are proposed. Pertinent to
a practical example of ultrashort laser ablation of a
copper target where e—e collisions are considered to
play a dominant role in electron diffusions, we derive
the dependence of the ablation depth per pulse on
laser fluence within the range of 0.1 — 10 J/cm? for
different pulse widths. The calculated results show
a better consistently with the published experimental
data. Although our calculations are based on copper,
the main conclusions drawn from this study should be
applicable to other metallic materials.

2. Theoretical considerations

According to the two-temperature model de-
scribed in Ref.[8], the electron temperature evolution
at a metal surface excited by ultrafast laser pulses
is primarily determined by the two competing pro-
cesses, namely the electron—ion energy coupling and
the electron thermal diffusion. During an electron
cooling time 7 = C./g, which is usually between a
few hundred femtoseconds to tens of picoseconds de-
pending on the material, hot electrons tend to trans-
fer their energy to the nearby ion cores, leading to
the increase of the lattice temperature, whereas elec-
tron diffusions occur simultaneously tending to carry
the energy farther away into space. When the laser
pulse duration 71, is much shorter than the character-
istic time TR, only electrons are energized. During the
time t < 7R, the electron-lattice coupling can be ne-

glected and the lattice remains unheated. Therefore,
the electron thermal diffusion may be regarded as the
main energy relaxation process during this stage.
Normally, the thermophysical properties of elec-
trons such as the heat capacity, cooling time and ther-
mal conductivity are all temperature dependent. The
electron heat capacity is usually a linear function of
the electron temperature given by Co(Te) = C.LT.,
with C. being a constant. The electron thermal
conductivity can be described generally by x(T,) =
Ceov37/3, with vp being the Fermi velocity, which in-
dicates that the thermal conductivity of electrons is
linearly proportional to the electron temperature and
the electron momentum relaxation time 7 (also called
transport time). In general, for good conductors, the
e—e collision rate may be determined by ve_e = ATe2
whereas the e-ph collision rate is independent of T,
but proportional to T3, namely, ve—pn = BT;. Here A
and B are constants, and both contribute to the elec-

(141 A relationship between

tron collision frequency v.
the electron momentum relaxation time 7 and the e—
e and e-ph collision rates for electron temperatures

below the Fermi temperature is given by!'4:15]

% =V = Ve—ph + Ve—e = BT} + ATS. (2)

At room temperature we have ve_pn = 1014 g1
and ve_o ~ 1012 57! 5o that the electron thermal con-
duction in this case is dominated by e-ph collisions.
On the other hand, at higher electron temperatures
Ve—o ~ 10 57! and electron transport properties
Substitut-
ing Eq.(2) into the expression of the electron thermal

are primarily governed by e—e collisions.

conductivity, we can obtain the following equation:

_Garn 1 BT, -
3 AT?+ BT, CAT2+ BT
where ko = vEC./(3B) is in fact the electronic

heat conductivity at room temperature (T, = T} =
300 K).['6) Tn general, Eqs.(1a) and (1b) can be solved
only numerically. To obtain analytic solutions, we will
consider a limiting case of ¢ < 7g wherein in Eq.(1a)
only the first term on the right-hand side is important.
To model a more realistic situation, a Gaussian laser
pulse is assumed with

I(t) = [Fo/v/mrplexp(—t*/73),

with Fy being the absorbed laser fluence. The elec-
tron temperature evolvement in two different regimes
is demonstrated as follows.
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2.1. Low electron temperature regime

If the laser-induced electron temperature Ty is rel-
atively low so that the condition of BT} > AT? is ful-
filled, the electron diffusion process will be dominated
by e—ph collisions. In such a case, the electron ther-
mal conductivity x may be simplified to k = koTe/T;,
which has been widely used by many authors in the
two-step heating model.[®-1% Now Eq.(1a) becomes an
ordinary diffusion equation for 7.2,

0

oLy =" o

T = R+ 5@, @)

An analytic solution of Eq.(4) can be readily derived!!

()= (o) (7)"

aun 12
X eXp(—mJI ) . (5)

The evolution of surface electron temperature is thus
given by

LI

7 koCl Tp
(t <), (6a)
o = (1) () ()"
(t>7p). (6b)

From Egs.(6), the time dependence of electron heat
diffusion length can be obtained as follows:

2/{0 t) 1/2.

Lo(t) = (CgTi

(7)

This is similar to the common expression in es-
timating heat diffusion length for the conventional
nanosecond or longer-pulsed laser ablation. However,
here we have the electron diffusion coefficient, which
may be defined as 2ro/C.T; instead of the phonon
diffusion coefficient. In this case, The electron dif-
fusion length is linearly proportional to the square
root of time, Lt ~ t'/2, independent of laser fluence.
The electron thermal diffusivity x = xk/C, is approx-
imately constant, and the heat front velocity is gov-
erned by vy = L/t = (2ko/C.T; t)*/?, which reduces
linearly as the square root of time increases. More-
over, the electron cooling time 7g in this case can be
expressed by

_CT. (4Ti Cg3Fg)1/5

; (8)

TR 1
RoT g

If the characteristic electron diffusion depth Ly is
defined as a length of the electron diffusion at ¢t = 7R,
we can have the following form by combining Eq.(7)
with Eq.(8)

LY R )
™ T g% C}

This equation shows that the characteristic elec-

LR:2(

tron diffusion depth grows with increasing laser flu-
ence before hot electrons finish their energy transfer
to the lattice.

2.2. High electron temperature regime

When the laser-induced electron temperature T,
becomes higher, the condition of AT? > BT; may be
satisfied, and the electron diffusion process enters into
the regime dominated by e—e collisions. In this case,
the electron thermal conductivity x can be reduced to
k & kogB/AT,. By substituting x into Eq.(1a), we can

obtain
oT, Ko 0 _,. 0T,
rpzze W 7 Z"e
Clegr = BrayTas e gy +9@ 0. (10)

The general analytic solution for this type of
equation with ultrafast laser energy deposition has
been derived by Kanavin et al,['”) which can be writ-
ten as

8A 1/2 (F2\1/2
7T2CéI<LoB) (T)

) L3(1) v
(x+ UTTp)2 + LQT(t) ’ (11)

Tu(z,t) = (

where Lp(t) is the heat diffusion length of electrons,
and it has the following form
T Bry

’ (t S Tp)
_ 24 F,
24 Fy’ o)

Here we can see that the electron diffusion length
during the laser—-matter interaction time is propor-
tional to the laser pulse width but is not time de-
pendent. The longer the pulse duration is, the greater
the electron diffusion becomes. While after the laser—
matter interaction the electron diffusion length in-
creases linearly with time, Lt — ¢t. In both situations,
the electron diffusion length is inversely proportional
to the absorbed laser fluence at any time, Lt — 1/F|
which means that the laser irradiation with higher
laser fluences makes the electron diffusion smaller.
Additionally, the electron thermal diffusivity becomes
temperature dependent, y = koB/C.AT?, and the
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heat propagation velocity also varies in a complicated
manner: it decreases linearly with time over the time
span of the pulse, v — 1/t, but seems to be indepen-
dent of time after the pulse. The dependence of the
electron heat propagation velocity on the laser fluence
may be expressed as vr — 1/F, which suggests that
high laser fluences lead to a decrease of the electron

T.(0,4) =

Similar to Eq.(8), the analogous expression for the
electron cooling time 7g in this case can be written

as ACTF2 A1y
4AC Fy \1/3
== 14
R (7T2BI<L0 92) ’ (14)
and the characteristic electron diffusion depth at ¢ =
TR can be obtained from the following expression:
szﬁgcg)us

e = (Sieger, 19)

Equation (15) indicates us that the characteristic elec-
tron diffusion depth in the e-e collision regime de-

3
(timp) () GErame)

SA )1/2F ( t )1/2
m2C! koB O\t (t+7p)? ’
|

diffusion speed, resulting in an increased spatial con-
centration of the absorbed laser energy. Obviously,
such an electron diffusion behaviour based on e—e col-
lisions is greatly different from that based on e—ph
collisions. In the e—e collision dominated regime, the
scaling laws for the surface electron temperature can

be derived from Eq.(11) ,

(13)

creases with increasing laser fluence, in contrast to

that in the e—ph collision regime.

3. Numerical analyses and dis-
cussions

Some physical parameters used in our simulation
of the electron temperature evolution and the heat
transport in copper films irradiated by femtosecond
laser pulses are summarized in Table 1.

Table 1. Physical parameters used in our calculations for copper material(16,18—20]
Parameter Units Value
T; lattice room temperature K 300
C!, coefficient of the electron heat capacity J/(m3 - K?) 96.6
C; lattice heat capacity J/(m3 - K) 3.5x106
g electron—lattice coupling constant W/(m3 - K) 1x1017
ko electronic heat conductivity at room temperature W/(K-m) 400
A coefficient of electron—electron collision frequency K2 .81 1.75x107
B coefficient of electron—phonon collision frequency K-t.s™ 1 1.98x 101!
vp Fermi velocity m/s 1.57x108

In order to find the corresponding electron heat
diffusion dynamics in the two regimes dominated by
e—ph and e—e collisions, we designate T as a charac-
teristic electron temperature at which the e—e collision
rate becomes significantly greater than the e—ph colli-

sion rate, namely
* 2
AT}

i

> 10. (16)

This expression indicates that the electron diffusion
will be governed by e—e collisions when the electron

temperature T, > T7. Otherwise, it will be deter-

mined by e—ph collisions. With the tabulated param-
eters for copper material in Table 1, the characteristic
electron temperature is estimated to be in the order of
T ~ 6 x 103 K. By using Eq.(6a) under a given laser
fluence, we can obtain a characteristic pulse width 7
corresponding to the attainable electron temperature
T;. For example, at F* ~ 16.3 mJ/cm?, we can ob-
tain 77 ~ 100 fs. Variation of the characteristic pulse
width versus laser fluences for reaching the electron
temperature 77" is plotted as the solid curve in Fig.1,
where the region above the curve represents the elec-
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tron diffusion with dominant contribution from e—ph
collisions, while the region below the curve is associ-
ated with the electron diffusion governed by e—e colli-
sions. This result also indicates a fact that for a given
absorbed laser fluence, there always exists a character-
istic pulse width 7 to gain Te = T. If 7, < 77, the
electron temperature has T, > T}, and the electron
diffusion will be dominated by e—e collisions.

1000
800 1
@ 600 1
~ -
*‘\Q‘
400 1 1
200 1
0 L L L L
0 10 20 30 40 50

Fo/(mJ/cm?)
Fig.1. The variation of pulse width and the laser fluence
for achieving the characteristic electron temperature T

Fy = 16.3 mJ/cm?

e—e collision regime

< .

Te max /(10000 K)
S

3 B
.
2 r e—ph collision regime 7
Loy 'y / i
0 . L L L .
0 50 100 150 200 250 300
T /fs
(a)

The pulse-width dependence of the maximum
electron temperature at copper surface for a given
16.3 mJ/cm? is illustrated in

It can be seen that the maximum surface

laser fluence of Fy =
Fig.2(a).
electron temperature in e—e collision regime is strongly
The shorter the
pulse width is, the higher the electron temperature

dependent on the pulse duration.

becomes. Instead, a relatively slowly decreasing ten-
dency of the calculated curve in e—ph collision regime
for 7, > 77 indicates that the electron temperature is
much less related to the pulse duration. Figure 2(b)
shows the dependence of the maximum electron tem-
perature on laser fluence at the copper surface im-
pinged by a 100 fs laser pulse. Dramatically different
variation patterns of Teax with increasing laser flu-
ence can be observed in the two different laser fluence
ranges separated by Fp*. This means that the avail-
able highest electron temperature is much more sen-
sitive to the laser fluence in the e—e collision regime
than in the e—ph collision regime.

3.0
T = 100 fs
2.5
. e—e collision regime
R4
o 20
(=
S
=
<15
i
E
e 1.0
e—ph collision regime
0.5
F*
0 I 1 L L L
0 5 10 15 20 25 30
Fo/(mJ/cm?)
(b)

Fig.2. Variation of the maximum electron temperature at copper surface in e-e and e—ph collision regimes as a

function of pulse duration for a given laser fluence of 16.3 mJ/cm? (a), and of laser fluence for a given pulse duration

of 100 fs (b).

In order to obtain a clear physical picture of
the electron diffusion dynamics in the two distinct
regimes, we calculate the dependence of the electron
diffusion length on the elapsing time associated with
a 100 fs laser pulse under different laser fluences. The
calculated results are shown in Fig.3. When the ab-
sorbed laser fluence Fy satisfies Fy < F*, a relatively
large electron diffusion length occurs in e—ph collision
dominant regime, and it grows rapidly as the time
elapses. Consequently, this drastic change of the elec-
tron diffusion length with time will inevitably result in

some negative effects, such as enlargement of the heat
affected zone, the decrease of the temperature at the
surface and reduction of the ablation efficiency. How-
ever, for Fy > F*, e.g. Fy = 18, or 25 mJ/cm?, the
electron diffusion length is relatively small. Especially
during the laser-matter interaction period, the elec-
tron diffusion length remains almost unchanged with
time but reduces with laser fluence. As a result of
negligible hot electron diffusions, the absorbed laser
energy will be deposited or ‘frozen’ within a very thin

surface layer at this pulse width. Obviously, this will
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lead to a much higher surface temperature, and thus
improve the heating efficiency greatly. This kind of
the electron diffusion behaviour is more favourable for
high-precision femtosecond laser ablation. However,
after the laser pulse the electron diffusion length in-
creases linearly with time, and the heat propagation
speed decreases with increasing laser fluence. These
diffusion features are in sharp contrast to that in the
case of Fy < F'*.

160 |
L Fp < F* =16.3 mJ/cm?
120 [ 1
g 4
~ 80 1
H
‘q -
Fp = 18 mJ/cm?
40 [ \Af T
— — L ee-mmTT i
e :"-"7':-:'—' ------ ¥ Fy =25 mJ/cm?
0 =" 1 1 = 1
0 0.2 0.4 0.6 0.8 1.0
AT /ps

Fig.3. Heat penetration depth as a function of elapsed
time during and after100 fs laser pulse heating in e—ph col-
lision regime (solid), and in e—e collision regime (dashed
and dotted).

Figure 4 shows the dependence of the character-
istic electron diffusion depth Ly on laser fluence in
both regimes. In this figure, the change of the elec-
tron diffusion depth is found to have two opposite
tendencies with the increase of laser fluence. The in-
creasing characteristic electron diffusion depth with
higher laser fluences in e-ph collision regime suggests
that the absorbed laser energy is dissipated seriously
in space, while the decreasing characteristic electron
diffusion depth with higher laser fluences in e—e colli-
sion regime indicates that the heating efficiency of the
lattice is improved.

Figure 5 shows the electron temperature profiles
along the direction normal to the sample surface at
the time delay of 1 ps for two selected laser fluences,
one is higher and the other is lower than the char-
acteristic value F'*, but both correspond to the same
pulse width of 100 fs.
temperature distributions are very different in these

Clearly, the spatial electron

two cases. When the laser fluence satisfies Fy > F™,
e.g. Fy = 20 mJ/cm?, the electron temperature has
a steeper spatial distribution. In other words, it
deceases fast with the diffusion depth. The higher

electron temperature within a narrower spatial range

means that most of the absorbed laser energy is con-
fined within a very small volume because of weaker
electron diffusion. In contrast, for the case of low laser
fluence, Fy = 12 mJ/cm?, the spatial electron temper-
ature distribution becomes relatively flatter, indicat-
ing that the absorbed laser energy spreads widely in
a larger volume and the electron diffusion becomes
stronger.

160

120

ol R

e—ph collision regime

e—e collision regime ]

Li/nm

40 §

0 10 20 30 40 50
Fo/(mJ/cm?)

Fig.4. The critical electron deposition depth as a func-
tion of laser fluence for a 100 fs pulse in the e—e and e—ph
collision regimes.
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Fig.5. The spatial distributions of electron temperature
for a given laser pulse width of 100 fs at 1 ps time delay
in e—e and e—ph collision regimes.

Figure 6 shows the time required to reach the
maximum electron temperature as a function of the
laser fluence at the location d = 100 nm in both e—e
and e—ph collision regimes. The constant time delay
in the e—ph collision regime (Fy < F'*) suggests that
the electron heat propagation velocity remains con-
stant for different laser fluences. However, when the
e—e collisions become dominant (Fy > F*), the time
delay grows proportional to the laser fluence, which
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indicates that the electron heat propagation velocity
reduces with increasing laser fluence.

4 d =100 nm ¢ ¢ collision regime
7 = 100 fs

AT /ps

1  e-ph collision regime

10

15 20 25
Fy/(mJ/cm?)

Fig.6. The time required to reach the maximum electron
temperature as a function of the laser fluence at the loca-
tion d = 100 nm in both e—e and e—ph collision regimes.

4. Calculated results versus ex-

perimental data

So far, we have presented some detailed analyses
on the ‘unusual’ electron diffusion process contributed

250 - -
— simulation

O measuremen

200

100

50

Ablation depth per pulse/nm
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200

150

100

50

Ablation depth per pulse/nm

103
Laser fluence/(mJ/cm?)

(©)

by e—e collisions associated with high laser fluence irra-
diation. To confirm that the analyses presented above
can indeed help us to gain better understanding of the
dynamics of ultrafast laser ablation of metallic targets,
now let us simulate the ablation behaviours revealed in
the experiment.['% The calculated results of the abla-
tion rate as a function of the laser fluence ranging from
100 mJ/cm? to 10 J/cm? for different pulse widths are
reproduced in Fig.7 together with the corresponding
experimental data obtained from Ref.[10]. To account
for the material removal from the target surface, elec-
tron diffusions dominated by e—e collisions are consid-
ered to be followed by energy coupling between the
electron and lattice. Subsequently the lattice temper-
ature at the time of relaxation can be achieved with
the help of Eq.(2).
to the thermodynamic equilibrium critical point T,

When its available value is close

ablation is assumed to occur under phase explosion.
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Ablation depth per pulse/nm
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|
|
O measurement

200
150

100

Ablation depth per pulse/nm
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Fig.7. Simulated (solid curve) and experimental (squares) data by Nolte et al of the ablation yield as a function of
laser fluence for copper with 500 fs (a), 1 ps (b), 7.6 ps (c¢) and 9.6 ps (d) incident laser pulses.
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Therefore, the ablation depth can be calculated
from the spatial temperature distribution in the lat-
tice above the value of T, at the time of 7g. The
graphs shown in Figs.7(a), 7(b), 7(c) and 7(d) are for
500 fs, 1 ps, 7.6 ps and 9.6 ps laser pulses respec-
tively. As it can be seen clearly, in all the four cases
which represent a large range of pulse duration, the
calculated results fit very well with the experimental
data. In particular, the calculated ablation threshold
fluences in all these graphs are very close to the exper-
imental ones. With the augment of pulse width, the
threshold fluence increases. For a given laser fluence,
the ablation rate decreases for broader pulses. It is
worth to note that all the calculated curves shown in
Fig.7 are rather smooth without introducing and com-
plying with separate ablation rules. This is in great
contrast to the simulation works given earlier,['%-21) in
which two separated fitting curves based on different
electron diffusion mechanisms have been employed to
match the measured results. Also, by considering the
dominant contribution from e—e collisions to electron
thermal diffusions, we have successfully simulated the
dependence of the critical pulse width on laser flu-
ence, predicting the existence of two distinct ablation
regimes related to thermal and non thermal ablations
of metallic materials with ultrashort laser pulses. The
simulation results are in good consistency with the
experimental data.l??

5. Conclusion

In summary, this paper has presented some de-
tailed theoretical analyses of the electron diffusion dy-
namics for ultrashort laser pulse heating of metallic
targets. The electron diffusion process has been di-
vided into e—ph collision and e—e collision regimes de-
pending on the electron temperature through modify-
ing the conventional two-temperature equations. The
main features of the electron diffusion laws in both
regimes have been compared and discussed by using
numerical calculations. It has been shown that in e—
ph collision regime the electron diffusion behaviours
including the electron relaxation time, thermal diffu-
sivity, the heat propagation speed and the heat pene-
tration length, are all independent of the laser-fluence
for a given pulse width, whereas in e—e collision regime
these parameters are almost inversely dependent on
the laser fluence, which is likely more favourable for
making high-precision ablations. Finally, by assum-
ing the electron diffusion process dominated by e—e
collisions under the high laser fluence irradiation, we
have accomplished simulations of the laser fluence de-
pendent ablation rate at different laser pulse widths
on copper targets. Excellent agreements between our
calculated results and the published experimental data
indicate that the theoretical model we proposed is a
useful tool for gaining a better understanding of ul-
trafast electron diffusion kinetics in ultrashort-pulse
laser ablation of metals.
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