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Abstract: Ablation of copper using multipulse femtosecond laser irradiation with an 800 nm
wavelength and 120-fs pulse duration is investigated theoretically. A two-temperature model, which
includes dynamic optical and thermal-physical properties, is considered. The numerical results of
the material thermal response obtained by varying the pulse number, the separation times between
pulses and laser fluences are presented. Our results show that the increasing of pulse number with a
separation time less than the thermal relaxation time can dramatically enhance the lattice temperature
without a noticeable increase in ablation depth. Therefore, we suggest that the vaporization rate
can be augmented in comparison to the melting rate during the same single-phase explosion at the
same total fluence where a fast heat accumulation effect plays an important role for cleaner ablation
during micromachining.
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1. Introduction

As the number of applications targeted at ultrafast laser processing increases, there is even
greater need to grasp the physical phenomena involved in the laser-material interaction, in order to
achieve better control and quality of the patterned features. The drilling or micromachining by
femtosecond laser garners much attention in scientific research because of its ablation precision
compared to nanosecond or longer laser pulse durations [1-5]. In general, the physical mechanisms of
metal ablation by femtosecond laser are still under study, where it has been observed that there are
two different ablation phases during the transition from low to high fluence [3], gentle and strong
ablation [6], respectively. Indeed, to produce ablation with high precision, one must apply the lowest
above-threshold fluence possible to ensure that the damage of the material is minimized [2]. However,
sometimes, this condition is not so practical from an industrial point of view.

Several models have been proposed to understand ultrashort laser pulse ablation.
Gamaly et al. [7] suggested that matter is ejected by Coulomb Explosion (CE) after the creation of
an intense electric field due to charge separation; however, the model presents an inconvenience
concerning the nature of the solid material, with Stoian et al. [8] later clarifying that this type of
explosion is dominant only in the case of dielectrics. Jian et al. [9] applied a classical approach
where they assumed that the energy transfer to the lattice occurs by electron-ion collisions instead
of electron-phonon collisions. Cheng et al. [10] proposed that phase explosion is the mechanism

Appl. Sci. 2018, 8, 1826; d0i:10.3390/app8101826 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-8375-4232
https://orcid.org/0000-0002-1806-9706
http://www.mdpi.com/2076-3417/8/10/1826?type=check_update&version=1
http://dx.doi.org/10.3390/app8101826
http://www.mdpi.com/journal/applsci

Appl. Sci. 2018, 8, 1826 20f12

responsible for matter removal using Molecular Dynamics simulations (MD), also supported by the
most widely-used Two Temperature Model (TTM) [11,12].

If phase explosion is the dominant mechanism for ablation of a metal film irradiated by
femtosecond laser pulses, the melted matter can be superheated without boiling, because the
relaxation time is too short, such that a heterogeneous nucleation is produced. Consequently, when
the temperature of the superheated liquids approaches the spinode (the limit of metastable phase
heating [10]), i.e., when the temperature is close to the critical temperature of thermodynamic
equilibrium T, the liquid’s tension rapidly drops to zero. Therefore, the homogeneous bubble
nucleation occurs at an extremely high rate. The superheated liquid relaxes via the thermal explosion
process, and the ejected matter is a mixture of vapor and liquid droplets [10,13,14].

Ren et al. [15] simulated the ablation of a metallic target using bursts of 120-fs laser pulses.
They found that under the same total fluence, a laser burst with a pulse separation time of 50 ps or
longer than thermal relaxation time could significantly boost the ablation rate compared to the
single pulse. We believe this effect may be due to a series of phase explosion processes during
the irradiation with different rates of superheated liquid, because the pulse separation time is longer
than the electron-phonon relaxation time.

Huang et al. [16] observed that the ablation of gold thin film irradiated by multiple femtosecond
laser pulses, separated by a time of 280 ps, causes a peak in the temperature of electrons and the lattice.
The lattice temperature after the arrival of a subsequent pulse is much higher, due to the residual heat
energy already deposited by the first pulse. This enhancement in lattice temperature is due to thermal
accumulation effect, because the time between pulses is shorter than the diffusion time of the thermal
wave [17].

Ancona et al. [18] showed that this heat accumulation induced by high repetition rate causes
a rapid increase in the mean temperature of the irradiated region, as subsequent pulses interact
with a pre-heated volume. Therefore, less energy is necessary for ablation, and drilling efficiency
increases significantly.

Extremely high repetition rate (GHz) bursts have been proposed by Kerse et al. [19] for efficient
ablation enabled by ablation cooling. This work was supported by theoretical simulations by
Povarnitsyn et al. [20].

In this regard, we propose a Fast Thermal Accumulation Effect (FTAE) induced by bursts with
a short interpulse separation time lower than the thermal relaxation time, which can dramatically
enhance the lattice temperature within the irradiated focal volume, thus reducing the energy dissipation
into deeper material. Therefore, there will be an overheating of the same superheated liquid
induced by the first pulse, which implies that the evaporation rate can be enhanced during the
same single-phase explosion. As a result, a very high drilling efficiency can be obtained by this
technique at high total fluence.

We study the thermal response of a copper metal film irradiated by a single and a burst of
femtosecond laser pulses using the TTM with dynamic thermal and optical properties. The simulated
ablation depths with single-pulse femtosecond laser irradiation are compared to the existing
experimental data. The numerical results of thermal response and ablation depth generated by
the multipulse femtosecond laser irradiation, having different pulse numbers and separation time,
are presented and discussed.

2. Theoretical Background

2.1. Two Temperature Model

We have chosen a metal target (copper foil) of thickness d = 3 um and at initial temperature
To = 300 K irradiated by ultrashort laser pulses of fluence F on the front surface (z = 0).
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The laser pulse is Gaussian in time with a Full Width at Half Maximum (FWHM) t,, of 120 fs with
a central wavelength of 800 nm. The evolution of electron-lattice temperature can be described by the
TTM [11,21]:

T, o . T,
ce(Te)a—te = g( ea—;)—G(Te—Tl)+S(z,t) 1)
GO = 6(T.~ ) @

C is the heat capacity; k is thermal conductivity, where e and I denote electron and lattice, respectively.
G is the electron-phonon coupling factor. z is the direction perpendicular to the target surface
(the model is considered in one dimension implying that the temperature is calculated just in the
center of the focal volume), and f is the time.

The heat density S can be expressed for a single pulse as [21]:
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We generalize this expression for the case of a multipulse per burst as follows:
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where N is the number of pulses per burst, ts is the separation time between pulses, § = 1/« is
the absorption depth, « is the absorption coefficient and R the reflectivity. Jj is the ballistic range,

where J;, can be calculated as J, = v.tp, v, being the electron velocity calculated by: v, = 4/ %,
where kg is the Boltzmann constant, and m; = 1.41m, is the effective mass of an electron [22],
with m, = 9.1 x 1073! kg. t;, = 24.7 fs is the Drude relaxation time given by the relationship t, = e

7

where ¢ = 5.88 x 107ohmm ™! is the electrical conductivity and n, = 8.45 x 102 m~3 is electrons
density [23]. The ballistic range value has an important impact in the simulations since it provides the
ballistic transport of energy by the hot electrons. More details of its role can be found in [21]. Note that
electrical conductivity also depends on the temperature, but we take it as constant to simplify the
simulation and reduce the computation time.

2.2. Dynamic Thermal Properties

Here, the dynamical thermal parameters of copper are described briefly. In this work,
we take the electron heat capacity as being proportional to electron temperature C, = 7T,
where ¢ =97 Jm 3K 2 is the material constant and C; = 3.46 x 10° Jm 3K is the lattice heat
capacity [14].

The heat diffusion of the electron subsystem is much faster than that of the lattice, where in
well-conducting metals such as copper, the lattice component of the thermal conductivity comprises
only about 1% of the total, the rest being due to the electrons [21]. Therefore, thermal conductivity
of the lattice can be neglected, as it is very small in comparison with electron thermal conductivity,
where the electron thermal conductivity k. value was calculated using the general solution provided by
Animisov et al. [24]:

(P2 +0.16)%/4(P2 + 0.44) P,

k =
¢ = X (@2 1 0.092)172(D2 1 D))
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where ®, = % Tr = 8.12 x 10* K is the Fermi temperature [23] and ¥ = 377 Wm 'K~ ! and g = 0.139
are constants for copper [11].
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Electron-phonon coupling factor G, related to the rate of the energy exchange between the
electrons and the lattice, can be expressed as [25]:

c:co[%jmwlm] 6)

where Gy = 0.5551 x 1017 Wm 3K ! is the coupling factor at room temperature and A, and B;
represent the material constants for electron relaxation time, being 1.75 x 107 K251 and 1.98 x
10" K~1s7, respectively [11,14].

2.3. Dynamic Optical Properties

Using the simple Drude model, we study the evolution of the reflectivity and absorption
coefficient of the copper surface during the irradiation by fs laser pulses.
The dielectric function of copper is [26]:

2.2 2
a}pTD . aJpTD
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where 7p is the relaxation time of the electrons in the metal and w) is the plasma frequency.
€00 = 9.428 is the dielectric constant. Tp can be expressed as [15]:

™ = (AT? +1.410,,) ! (8)

where the expression of the electron-phonon collision rate ¢, can be found in detail in [27].
Therefore, the refractive index n, and extinction coefficient n; can be written as:

&1+ /€1 + &3

—e1+ /€2 + €3
m=\—D (10)

The absorption coefficient # and normal-incidence reflectivity R can be determined from the
Fresnel function [28]. Neglecting the strongly spatial inhomogeneity due to material rarefaction and
ionization, we assume these formulas (Equations (11) and (12)) are valid at multipulse laser ablation of
high laser fluence with picosecond delay between pulses:

R (=D L2 4 (11)
2 2
(ny +1)% 4 n:

a= —4;111' (12)

where A is the laser wavelength. This dynamic TTM was simulated using MATLAB software by the
finite differential method.

3. Results and Discussion

The numerical simulations were carried out for copper films irradiated by single and multipulse
femtosecond laser irradiation with varying fluence, number of pulses and separation times.
The choice of copper as a target and these specific parameters of the laser was to be able to compare
our results with those available in the literature [15,16,29].
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Figure 1 shows the calculated reflectivity R and absorption coefficient &, from Equations (11)
and (12), as a function of temperature at an 800-nm wavelength. This figure indicates that R and
« decrease dramatically with temperature. The decrease in R causes the target to absorb more
laser energy, while the decrease in « changes the distribution of the laser’s heat density S inside
the target. It is obvious that these properties influence the amount of laser energy deposition and
distribution during the irradiation and then affect the thermal response (ablation rate) of the material.
This is why the optical dynamics must be taken into account during the simulation. Yang et al. [14],
Chowdhury et al. [21] and Kotsedi et al. [30] considered R and & as constants, which may be valid
only at low temperatures.

—reflectivity

10° 10" 10° 10° 10
Temperature Te (K)

x10"

‘ — absorption coefficient

10° 10* 10° 10° 10
Temperature T . (K)

Figure 1. Reflectivity and absorption coefficient versus electron temperature. Note that the x-axis starts
at 300 K.

Figure 2 shows the time evolution of the calculated electron and lattice temperatures of copper at
a fluence of 10 J/cm? and the contour of lattice temperature versus time and position, calculated from
the TTM Equations (1) and (2).

We see in Figure 2a that the lattice temperature is dramatically increased when the number of
pulses increases, and it is important to mention that there is no thermal relaxation (no thermal
explosion) until the last pulse, which can enhance the lattice temperature via fast thermal accumulation
process. Therefore, despite laser fluence being greater than 10 J/cm?, the laser-plume interaction
has a negligible effect during the irradiation. However, when the separation time between pulses is
greater than the relaxation time, the laser-plume interaction must be taken into account. We notice
also that the lattice temperature continues increasing more when the pulse number increase as well
(Figure 2b). However, on the other hand, we observed immediately in Figure 2d that the lattice
is more heated in the same focal volume than in Figure 2c, with some dissipation into the deeper
material, for the 10th pulse’s irradiation. This considerable enhancement of temperature is attributed
to the heat accumulation effects, which can be called the FTAE because the separation time between
pulses is less than the thermal relaxation time. Therefore, we suggest that an overheating of the same
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superheated liquid was induced by the first pulse, which implies a reduction in ablation rate after each
subsequent pulse. Figure 2c,d shows also that the lattice remains cold for the first few picoseconds,
because the phonons carry little energy, and it takes many electron-phonon scattering processes, and
therefore several picoseconds, before the electrons and the lattice reach thermal equilibrium [31].
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Figure 2. Evolution of electron and lattice temperature as a function of time during the irradiation by
10]/cm?: (@) 5 pulses and (b) 10 pulses with 1.5 ps (% THz) of separation time (repetition rate). Lattice
temperature (T;) versus time and position into a copper sample for an absorbed fluence of 10 J/cm?:
(c) 5 pulses and (d) 10 pulses with 1.5 ps (% THz) of separation time (repetition rate). d, ¢ and T¢
represent ablation depth, time equilibrium and critical temperature, respectively. T, = 7696 K. TTM:
Two Temperature Model.

To understand the advantage of metal ablation by fast multipulses per burst fully, we must study
all the factors that can improve the results in comparison with a single-pulse irradiation. Figure 3
shows the effect of pulse number with 1 ps (1 THz) of separation time (repetition rate) on heating
the surface during irradiation. We observe that electron’s temperature increases when the number
of pulses increases (see Figure 3), which implies a rapid decrease in reflectivity (Figure 1). Therefore,
the surface absorption can be enhanced. After each femtosecond laser pulse, the electrons transfer some
of their energy to the lattice via electron-phonon collision [31], which implies a pseudo-escalation of
the lattice temperature (see Figure 3); as the same remarks mentioned in [19], until the final thermal
relaxation is reached. The increase in the number of pulses induces a heat accumulation, where the
lattice has not had enough time to cool down after each pulse, which implies a considerable increase
in the lattice temperature. Therefore, the superheated liquid temperature can be enhanced and the
matter can be ejected, after phase explosion, in both vapor and drop liquid forms. We suggest that in
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the multipulse regime, the vapor rate formation is higher in comparison to single-pulse irradiation,
as long as the temporal separation between pulses is short enough to build up the FTAE, in contrast
with the studies done in [15,22] with longer times between pulses. Therefore, this FTAE enhances the
equilibrium temperature T4, but at the same time decreases the relaxation time (equilibrium time)
teq, as can be seen in Figure 3, where (qu(K), teq(s)) are equal to (8.97 x 104, 14.1 x 10~ 12), (3.07 x 10%,
8.1 x 10~12), corresponding to one and five pulses being indicated. Therefore, we suggest that, in
addition to an enhancement of the superheated temperature, there is also an enhancement in vapor
rate ejected with increasing number of pulses.

Following the results discussed above, we propose that a cleaner crater can be obtained at high
fluences by using femtosecond laser bursts with sufficiently low interpulse separation to minimize the
liquid phase during the explosion, tailoring the temporal separation between pulses.

s X10° TTM at 60 J/cm”
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Figure 3. Time dependence of the calculated electron (solid line) and lattice (dash line) temperature
with varying pulse number at a fluence of 60 ] /cm? and 1 ps (1 THz) of separation time (repetition rate).

Figure 4 shows the effect of interpulse separation time on the thermal response of the copper
surface during irradiation with four pulses per burst at 1 J/cm? with tsep = 05,1, 1.5 and 2 ps
corresponding to 2, 1, % and % THz of repetition rate, respectively. It can be seen that as the interpulse
separation time is decreased, the electrons reach a higher temperature, reaching a maximum at earlier
times. Although the equilibrium temperature is almost the same for all four cases under study, we
see that the heating rate increases when t;., decreases; for example, at 5 ps, the lattice temperature
corresponding to ts.p,= 0.5 ps is nearly twice that corresponding to ts., = 2 ps. Therefore, we suggest
that with decreasing the separation time, FTAE is more efficient.

Finally, we fix the pulse number to four and the interpulse separation time to 1 ps (1 THz
repetition rate) and vary the fluence as 1, 6, 10 and 60 J/cm?. Figure 5 shows the temporal behavior of
the calculated electron and lattice temperatures at different laser fluences. We observe that electrons’
temperature increases with increasing laser fluence, which implies that the lattice temperature increases
as well via the electron-phonon collision process. Therefore, we can deduce that the ablation depth has
to increase dramatically with the laser fluence.
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Figure 4. Time dependence of the calculated electron (solid line) and lattice (dash line) temperatures
with varying separation time sy at a fluence of 1]/ em? and four pulses.
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Figure 5. The time dependence of the calculated electron (solid line) and lattice (dash line) temperatures
at different laser fluences with 4 pulse and 1 ps (1 THz) of separation time (repetition rate).



Appl. Sci. 2018, 8, 1826 90f 12

The proposed simulation was done to predict the ablation depths at different pulse numbers,
as well as to compare our results with the experimental data at a single pulse. Figure 6 shows the
theoretical ablation depth of copper irradiated by 1-, 2-, 3-, 4- and 5-fs laser pulses with a 1.5-ps
(% THz) separation time (repetition rate), along with experimental data from [6,11]. The ablation
depth corresponding to the time equilibrium of electron-phonon relaxation t,; and the condition of
phase explosion 0.9 x T¢ are indicated in Figure 2 by a coordinate (d, teg, 0.9 x T¢). The theoretically
calculated ablation depths for different pulse number are shown in (Table 1) (which correspond to the
values presented in Figure 6).

2500 - - ! '
m 1 _pulse
1| ® 2_pulses ?
2000 4 3_pulses .
—_ v 4 pulses i
g ® 5 pulses 1
~ 1500 1 4 Mannion et al. [6] L
] » Cheng etal. [11] o2 E
Col il i
i
— 1000 E 5"
o ) 4
= 1 - -
T t
5 500 S
_ 5 -
0 PO . By
01 1 10 100

Fluence (J/cm?)

Figure 6. Simulation of ablation depth at different pulse numbers with ts., = 1.5 ps ( % THz repetition
rate), and experimental data for single-pulse ablation from Mannion et al. [6] and Cheng et al. [11].

Table 1. Ablation depth calculated by varying the fluence at different pulses.

Fluence (J/cm?) N=1 N=2 N=3 N=4 N-=5

Ablation Depth (nm)

1 21 78 102 116 122

5 189 272 314 332 348

6 268 438 503 556 575
10 357 532 611 664 671
20 509 720 802 861 871
30 653 888 997 1067 1070
50 883 1175 1307 1394 1398
60 931 1222 1357 1439 1447
100 1080 1367 1485 1566 1575

200 1547 1927 2096 2192 2216
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Two different logarithmic dependences can be observed in Figure 6, as described in [3], which
confirms the existence of two types of ablations, called gentle and strong ablations at low and high
fluence [6], respectively. Figure 6 shows that the ablation depth in general is dramatically enhanced
with fluence, but at the same total fluence, the rate of matter removal decreases as the number of pulses
increases (see Figure 7) where ablation rate = (ablation depth (d))/(pulse number (N)). Therefore, we
deduce that the most laser energy is deposited by the subsequent pulses reserved for the overheating
of the same focal volume irradiated by the first pulse. We notice in Figure 7 that at F = 1J/cm?, the
ablation rate is disordered, which confirms our previous proposal [32] that the physical mechanism
changes when the ablation phases change [6], where at low fluence, electron-ion collision is the most
dominant, implying a gentle ablation, but at high fluence, electron-phonon collision is the most
dominant, implying a strong ablation.

1000 g
i 1 pulse ; Al

—_ . ® 2 pulses ¢ v
O ] A 3 pulses " e aa 3
) ] PU d
S v 4 pulses * A VI |
o ¢ 5 pulses m A v ¢
c | .. Y ¢ ]
c A &
~— '3 4
2 1004 a® _
O ] b4 :
C -
9 1 T
E -
5 ] .
< ) ]

1 10 100

Fluence (J/cm?)

Figure 7. The ablation rate as a function of fluence at different pulse numbers with tsep = 1.5 ps (% THz
repetition rate).

In summary, the first intense ultrashort laser pulse can produce a superheated liquid [10,13], but
because the interpulse separation is less than the thermal relaxation time, the thermal wave has no
time to propagate deeper into the material. This implies a thermal accumulation effect after each
pulse, i.e., there will be an overheating of the same superheated liquid induced by the first pulse at
the same focal volume. Then, the evaporation rate can be enhanced during the same single-phase
explosion. This will produce a reduction of the liquid phase during thermal explosion, and then, a
crater with high precision can be obtained at high fluence with a multipulse femtosecond laser with a
fast separation time. We see also that the calculations done using this dynamic TTM are in agreement
with the experimental data reported in Figure 6.
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4. Conclusions

We have studied the thermal response of a copper target irradiated by a burst of femtosecond laser
pulses with varying laser fluence, pulse number and interpulse separation time. This last parameter
was always kept less than the thermal relaxation time. We deduce that a fast accumulation effect
driven by a fast fs-laser multipulse irradiation can enhance the lattice temperature, which implies an
enhancement of the mean temperature of superheated liquid at the same focal volume at a fixed total
fluence, without a remarkable increase in ablation depth. Following this idea, we have proposed that
by increasing the pulse number with a sufficiently low interpulse separation time, the vaporization
rate can be enhanced in comparison to the melting rate during the same single-phase explosion.
Thus, rapid femtosecond laser irradiation can be exploited for the cleaner and more efficient ablation
of metals.
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TTM  Two Temperature Model

CE Coulomb Explosion

FTAE Fast Thermal Accumulation Effect
MD Molecular Dynamics
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