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ABSTRACT

Previously the influence of picosecond laser spot size on ablation depth and threshold fluence on copper has been
experimentally investigated. In order to have a comprehensive understanding of the corresponding mechanisms for high
laser fluence cases, in which the laser fluence is several folds larger than the optimal ablation fluence, an axisymmetric
2D model, combining modified Two Temperature Model (TTM) and hydrodynamics, was developed. Since the dense
vapor and plasma shielding effects have a significant impact on the absorbed energy of incident laser on the material
surface, especially for the situation where the laser fluence is higher than vaporization threshold, several assumptions
were made. It was roughly supposed that when the lattice temperature reaches 0.9T, (T, denotes the critical temperature
of copper) dense vapor forms above the surface of the material due to the homogenous nucleation within the superheated
melted layer, and once the surface temperature exceeds T, stronger absorption of incident laser by plasma starts to play a
crucial role. As the optical thickness of both dense vapor and plasma were supposed to be constants, correspondingly, the
transmittance of both layers were approximately evaluated. Furthermore, as generally supposed in the literature,
considerable energy loss caused by homogenous nucleation was also taken into account once the surface temperature of
the lattice increased to 0.9T,, and the melted material was treated as weakly compressible laminar flow with low Mach
number (Ma<0.3). The numerical results indicate that the kinetic energy of the evaporated material increases when the
laser spot size decreases, which could be a possible mechanism of the deeper ablation depth per pulse observed in the
experiments with smaller laser spot sizes. Due to the occurrence of phase explosion, the surface temperature keeps
constantly around 0.9T, and the intensive evaporation could remain the temperature at T, until the establishment of
equilibrium of both subsystems. Finally, the calculated evaporated mass has the same order of magnitude as the
corresponding experimental data.
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1. INTRODUCTION
Characterized by the outstanding precision and high throughputs, ultrashort pulsed laser has been widely used in various
of applications, such as microprocessing, 3D printing and thin film deposition. Especially in the field of laser
microprocessing, accompanying with the development of new types of laser, the limitation of these features is always
challenged by carrying out updated strategies, saying laser ablation with burst mode [1-3], synchronization of laser and
ultrafast scanning techniques [4-5] and beam shaping [6-7]. The influence of beam spot size, as one of the adaptable
laser parameters, on laser ablation efficiency is, however, rarely reported. As early as in 1987, M. Eyett and D. Béuerle
[8] found out that irradiated by excimer laser, the ablation rate of LiNbO; (um/pulse) increased by a factor of 3 for
smaller spot size (¢ = 24um) compared with larger ones (¢ > 80um), where the ablation rate was saturated. The spot size
effect on the propagation of laser induced plasma was investigated in [9], finding out that sharpening of plume depends
strongly on spot size, as well as the plume expansion. Recently the ablation rate (um/pulse) induced by ArF excimer
laser on Al was found to be strongly dependent on laser spot size [10]. The extended defect model described in [11] was
used to interpret such dependency upon fs laser ablation threshold on silicon and stainless steel. In our previous work [12]
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the experiment of laser ablation on copper by 10ps laser with different spot sizes and corresponding results were
presented. In this work a 2D axisymmetric model dealing with thermal ablation is developed to systematically
investigate the spot size effect on ultrashort pulsed laser ablation with metal and corresponding numerical results are
compared with the experimental ones.

2. SIMULATION
On the basis of Finite Element Method (FEM) the 2D model combined Two Temperature Model (TTM) with Naiver-
Stocks equations in hydrodynamics is established. The melted layer is regarded as weakly compressible fluid with low
Mach number (Ma<0.3). The governing equations and corresponding boundary conditions and initial values are as
following

2.1 Governing equations
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Where C,(7)) and C, are electron-temperature dependent electronic heat capacity and lattice heat capacity, respectively,

K,(T)) is electron-temperature dependent electronic thermal conductivity, &; is lattice thermal conductivity, G(T)) is

electron-temperature dependent electron-phonon coupling coefficient. Because of the higher laser fluence applied in the
model the thermal properties mentioned above holds in the situation where the lattice temperature higher than the critical
temperature. The thermal source term of Gaussian laser beam, spatially and temporally, is given

t-2t . .
22y, where the absorption coefficient « and

F . 2
Sr,z,t)=a ' (1- R)L“Aexp(r—z) exp(—a'z)\41In 2/ 7z exp(41n 2(
4 @, P

reflectivity R , based on critical model of optical property [13], are the function of temperature of both subsystems. r
is the peak fluence of pulsed laser. 7,and @, are pulse duration and beam radius, respectively. 4 is the dynamic
(1-B)
B’ +¢
consists of momentum sinking on the solid-liquid interface and buoyancy induced by the change of density. In this
expression, B is the liquid volume fraction, which reads as

viscosity of copper, I is the unit matrix and F. is the body force, Fuoot = A s \—)(r,z)+§(p—pw), which

1
T> (T, +9T)
(T-T, +8T) . . o .
B= W,(Tm —8T)<T<(T,+8T). ¢ is a small number using to prevent division by zero. A is the
0 T < (T, -38T)

mushy zone constant, measuring the amplitude of the damping. Specifically, the higher this value is, the steeper the
transition of the velocity of the melted material to zero as it solidifies could be. p, is the undisturbed constant density,

which equals to the solid density of copper in the model.
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It should be noted that by considering the dense vapor and plasma shielding effect induced by laser beam with high
power density, the heat source term in equation (1) should be modified. When the heterogeneous evaporation takes place
the vapor layer above interphase is still transparent to the incident beam, while as the evaporation becomes more
intensive the vapor layer begins to absorb part of laser energy, turning to be semitransparent. Generally speaking, once
the temperature of material reaches critical temperature the overheated vapor might start to ironize and forms the plasma,
attributed to the further absorption of laser energy. Although the aecrodynamics of dense vapor and plasma is complicated,
because of the self-adjustment mechanism, where the absorption of plasma increases less energy reaches the surface of
material weakening the evaporation, and in turn enhancing the energy coupling on material surface, the optical thickness
in both layers can be approximately regarded as constant. Therefore the deduced absorption coefficients of dense vapor

and plasma layers are e *** and e™', respectively [14].

In addition, it is generally accepted that phase explosion occurs when the temperature of ablated material reaches 0.97,

which implies the super-heated material in such metastable state might follow an adiabat below critical point.
Specifically, based on the theory of metastable liquid [15], the superheated liquid by rapid heating might undergo the
shifting from binodal into metastable states, even close to spinodal depending on the degree of heating of the material.
Then the liquid layer seeks for equilibrium following the way of returning the binodal through phase explosion, as
demonstrated in Figure 1. The homogenous nucleation rate during this process determines the lifetime of the metastable
state. In the model it is supposed that when the lattice temperature reaches 0.97, after the termination of pulsed laser
phase explosion takes place, otherwise this effect could be suppressed since on the one hand the time could be too short
for the generated nucleation to reach the critical size, and on the other hand the shielding effect induced by dense vapor
and plasma could influence the pressure above the evaporated surface. Predicted by this model, for the case where the
peak laser fluence is larger than 6 J/cm?® holds this criterion. The homogenous nucleation rate per unit volume according
to classical nucleation theory is referred to calculate the energy loss caused by phase explosion [16].

2
—4rr o,

T ), where N, is the number of the liquid molecule per unit volume, o, is the surface
B*1

300,\Y%
J =N, ()2 ex
I(”M) p(

tension, M is the molecular weight of melted copper, &, is Boltzmann constant. 7, denotes the critical radius of bubble,
given by
20,

e where R, is the ideal gas constant. Generally speaking, with an external action, e.g. radiation,
— O-Cu

Prexp(——1)
PRI,
homogenous nucleation could occur instantaneously when the temperature exceeds approximately 0.97, . Therefore, in

the process of laser ablation, the melted copper will intensively explode in the form of liquid droplets and massive vapors.
Furthermore, considerable energy could be carried away due to the dramatically removed material. Such energy loss is
applied as volumetric heat source in the region where the temperature exceeds 0.97, in the model, given by

1 . o .
0= —Emsz , here it is assumed that the average kinetic energy of the removed material to some extent equals to the

potential energy of mutual attraction of the molecules, which is based on the definition of critical point.
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Figure 1 The concept of explosive boiling, including bimodal and spinodal, and the red curve shows a typical heat cycle.

2.2 Boundary conditions and initial values

For the electron subsystem, the energy loss caused by thermionic emission is considered. * (TOVT, =~(E, + $)N , where

E, + ¢ is the potential barrier for an electron to be removed from the metal equaling to the sum of Fermi energy and

work function of copper, the kinetic energy of the escaping electron is neglected. p7 — Ay o exp(— ﬂ) is the electron
e ¢ k,T,

emission rate derived from Richardson-Dushman equation. For the lattice subsystem the energy loss attributed to the
evaporation and surface thermal emission are taken into account. x,V7, =—Lv,p, —oe(T;' —T,'), where L, is the latent
heat of vaporization of copper, V, is the recession speed of the vaporization front obtained from the mass flux of vapor
evaporated from a liquid surface described by the Hertz-Knudsen formula when the surface temperature is below 7. and
by solving aerodynamic equations [14] when the surface temperature exceeds 7., p, is the liquid density of copper, and

¢ 1is the surface emissivity of copper. Both Marangoni effect and recoil pressure are applied as the boundary conditions
of Navier-Stocks equations.

- - - 2 - -~ - 0 T - -
[P+ 1,(VV(r,z) + (v(r,2))") -3 u Vv, z2)In=-P_ i+ g;“ Z— j , where the normal component, i , is recoil
x

pressure P, which is due to the metallic vapor after the surface temperature exceeds the boiling point, in the opposite

recoil

direction. The recoil pressure of the evaporating vapor P, is approximate 0.54P,_, . The saturated pressure of the vapor

recoil
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at the evaporation surface is obtained from the Clausius-Clayperon relation. P =P, exp(M (ﬂ— 1)), where P, is

kBT Tb amb

the ambient pressure, which equals to 1 atm. The tangential component, } , is Marangoni effect caused by the gradient of

surface tension along the radial direction.

Both the initial temperatures of electron and lattice subsystems are room temperature 7, =300k . The initial velocity and

pressure are =0 and P =0, respectively.

2.3 Physical properties

As the laser fluence applied in the model is relatively higher than moderate one, the generic forms of the variables, which
depend on temperature and hold in extreme situation, are employed in the model.

CeoTe Te<TF/”2
2C,T,/3+C",/3 T, /x> <T <3T,/
C,(T,)= ,
Nk, +C',/3 37, /n* <T, <T,
3Nk, /2 T >T,
1 7°k,N 3Nk, /2-C, T,/ x*
Where C, = — 280 C' =C T,/ 7° + 2 ' ® (7T, /7%
2 T, T.-T, /%

The lattice thermal conductivity is taken as 1% of the thermal conductivity of bulk metal, x, = 0.01x, , since the

mechanism of heat conduction in metals is dominated by electrons [17].

(67 +0.164)"* (67 +0.44)

In the higher laser fluence case the electronic thermal conductivity reads [18] x, = C8, — TPy , where
(6, +0.092)"" (6, +bb,)
T, T,
He = s 0/ = —
TF TF

This is valid up to the Fermi temperature, 7, .

The electron-temperature dependent electron-lattice coupling coefficient are obtained by fitting the computed data in [19]
based on the assumption that the square of the absolute electron-phonon scattering matrix elements, when summed over
the scattering angles, is independent of the electron state.

0.56x107,7, < 2750K

1.341x107 —=1.407x10" 7, +5.988x10"° 7> - 7.93x10° T
+555.2T% —0.023272T° +6.041x107T* —=9.529x 10T’
+8.377x107" T -3.15x107° T’

G(T,) = 2750K <Te<5x10*K

The lattice temperature dependent dynamic viscosity [20] and surface tension coefficient [21] are 107 x 10134
and 1.497-1.74x107*T, , respectively. Other physical properties applied in the model are listed in Table 2.

Proc. of SPIE Vol. 10091 100910S-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/06/2017 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



Table 2. The physical properties of copper [18, 22-25]

Nomenclature and Value

4, Richardson’s constant 1.2x10° 4/ (m*K*)

b Coefficient of electron thermal conductivity 0.139

C Coefficient of electron thermal conductivity 377Wm'K!

C, Lattice specific heat capacity 3.5x10°(J /m’K)
e Charge of electron 1.6022x10™"°C

E, Fermi energy TeV

E.. Isotropic tangent module 1.25x10° Pa

kg Boltzmann constant 1.38x10 " m kgs ?K ™!
L, Latent heat of fusion 205000(J / kg)

L, latent heat of vaporization 4796000(J/kg)

M Molecular mass of copper 1.0552x10 " kg

N Number density of free electron 8.41x10%°(1/ m*)
T, Initial value of temperature 300K

T, Fermi temperature 81200K

T, Critical point 7696K

Greek symbols

o, Solid density of copper 8.9g /cm’

Py Liquid density of copper 8.02g /cm®

Py Gas density of copper 6.792g / cm’®

P, Copper density at critical point 1.04g / em®

K, Coefficient of lattice thermal conductivity 400(Jm7's'K ™)

@ Work function 4.6eV

Subscripts

e Electron % Vapor

/ Lattice L Liquid
g Gas Critical
) Solid

Various laser peak fluences ranging from 2J/cm” to 10J/cm’ with three different spot sizes, namely 15.5um, 31.5um and

3. RESULTS AND DISCUSSION

49.6um, are applied in the model. The temperature profiles of both subsystems are shown in Figure 2.
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Figure 2 The temperature profiles of electron and lattice subsystems at the center of material, (a) 2J/cm?, (b) 3J/cm?, (¢) 4J/cm?, (d)
5J/em?, (e) 61/cm?, (f) 7J/cm?

The temperature profiles of both subsystems are almost the same for all the spot sizes in each laser ablation case. As the
increasing of laser peak fluence the material undergoes melting (Fig.2 (a)), evaporation (Fig.2 (b), (c)) and intensive
boiling (Fig.2 (d), (e) and (f)). Due to phase explosion (Fig.2 (d), (e)) the lattice temperature drops down rapidly when it
reaches critical temperature and enters the saturation stage before both subsystems further reach equilibrium. The higher
the fluence is, the longer time the saturated stage can keep, which is attributed to the thermal dynamic behaviors of
energy coupling within electron-lattice systems and lattice energy loss induced by homogenous nucleation. As the lattice
temperature reaches the critical temperature before the termination of pulsed laser in the even higher laser peak fluence
case (Fig.2 (f)), the energy loss is dominated by the extremely intensive evaporation. When the lattice temperature drops
to critical temperature, the material remains in the saturated state because of equilibrium of thermal dynamics until the
two subsystems reach equilibrium. Such process is more significant than the similar phenomenon caused by homogenous
nucleation. Under such extremely heated conditions, considerable amount of material could be intensively removed in
the forms of vapor and small droplets from the surface. The profiles of kinetic energy density of the removed material for
all spot sizes are shown in Figure 3.
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Figure 3 The kinetic energy density of the removed material as the function of time, (a) 6J/cm?, (b) 7)/cm?, (¢) 10J/cm?

It is found that the kinetic energy density of removed material in all the smallest spot size cases is significantly higher
than other two cases. Therefore, this might be a possible explanation for the spot size effect on ablation rate in terms of
depth per pulse. Specifically, since the removed material induced by irradiation with smaller spot size contains more
kinetic energy, higher average velocity can be achieved with the assumption of identical average mass of the removed
material in unit volume. Furthermore, along the direction of depth, more material can be removed in unit time, leading to
a deeper ablation depth. The profiles of the mass of the removed material in all spot size cases are presented in Figure 4.
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Figure 4 The profiles of mass of removed material, (a) 3J/cm?, (b) 4J/cm?, (c) 5J/cm?, (d) 6J/cm?

As the increase of laser fluence, the time when the ablation takes place becomes earlier due to the increase of
temperature raising rate. They are approximate 20.6ps, 19.4ps, 19.1ps and 18.6ps for 3J/cm? 4J/cm?, 5J/cm”and 6J/cm’,
respectively. Since the maximum lattice temperature in the cases of fluence below 4J/cm?” is lower than the critical
temperature, seeing Figure 2 (b) and (c), the mass of removed material only follows the normal path, along which the
mass increases due to normal boiling and decreases because of cooling of material. For the higher fluences, seeing Figure
2 (d) and (e), there is an abruptly rapid increase of mass attributed to the initiation of phase explosion, since the lattice
temperature of corresponding time just satisfies the criterion of triggering the phase explosion. The correspondingly
experimental results of the ablated mass as the function of laser peak fluence for the three different spot sizes are
demonstrated in Figure 5, comparing with the simulation.
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Figure 5 Comparison of experimental and simulated results of mass of removed material, (a)15.5um, (b) 31.5um and (c) 49.5um
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Both of the data agree well with each other except the ones for the peak fluences lower than 2J/cm® and higher than
6J/cm’. On one hand, as shown in Figure 2 (a), the lattice temperature of material is just slightly above melting point and
only limited area adjacent to the center is melted. Therefore, under such circumstance major part of the removed material
is still induced by spallation with the help of thermal stress. On the other hand, due to the extremely intensive
evaporation above the superheated surface, significant amount of evaporated material could return to the surface under
the force of recoil pressure after the plasma layer, which is not taken into account in the model. The simulated results of
total removed mass and the removed mass by evaporation and phase explosion for all three spot sizes cases are compared
in Figure 6.
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Figure 6 Comparison of total removed mass and removed mass by evaporation and phase explosion for spot size of (a) 15.5um, (b)
31.5um and (c) 49.5um

As indicated for all different spot size cases the deviation between the total removed mass and the removed mass by
evaporation and phase explosion becomes smaller as the peak fluence increase from 3J/cm’ to 6J/cm?, illustrating the
evaporation and phase explosion carry more and more weight in the process of laser ablation and become the dominated
mechanism of material removal. Further comparison of experimental and simulated results is carried out in terms of
removal rate with the unit of um*/uJ, shown in Figure 7.
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Figure 7 Comparison of removal rate of different laser spot sizes

The simulated results of removal rate for the peak fluences between 2/cm’ to 6J/cm” match well with the experimental
ones. In addition, the dependence of removal rate on spot size no longer exists when it is evaluated with unit ablated

volume by unit energy (um’/uJ). Similar to experiment results there is an optimal peak fluence for laser ablation
regardless of spot size.
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4. CONCLUSION

The spot size effects on laser ablation on copper with high peak fluence 10 ps pulsed laser have been numerically studied
and compared with corresponding experimental results. By establishing the 2D model, based on Two Temperature
Model (TTM) and hydrodynamics, the dependence of kinetic energy density of removed material on spot size is found. It
demonstrates that in the center of ablated area the removed material carries more kinetic energy when the target is
irradiated with smaller spot size. This could be a possible mechanism of the higher ablation rate obtained by beam with
smaller spot size. Additionally, for the cases of peak fluence between 2J/cm” and 6J/cm? the good agreement between
experimental and simulated results on the mass of removed material for all spot size indicates the validity of the models.
The overestimated results of mass of removed material for extremely high cases, on one hand, demonstrate the limitation
of current model, and on the other hand, imply the probably redeposition of evaporated material influenced by the recoil
pressure. By comparing the mass of removed material in different ways, the dynamic behaviors of ablation are clear.
Spallation is the major mechanism of mass removal for the laser fluence below and slightly above melting threshold,
while for the higher fluence evaporation and even phase explosion become the dominated mechanisms instead of
removal of melting material. Finally, the dependence of ablation behavior on spot size vanishes when it turns to
comparison of removal rate in terms of ablated volume per unit energy, but the results of both experiment and simulation
reflect the optimal peak fluence, which could be helpful for finding the strategy to increase the ablation efficiency with
ultrashort pulsed laser.
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