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Abstract 

Preferential removal of components from mixed material targets and plasma shielding are studied by using inductively 
coupled plasma-atomic emission spectrometry (ICP-AES) during UV nano-second laser ablation. The ICP emission intensity 
for Cu and Zn during ablation of brass samples varies versus laser power density. A model using thermal evaporation and 
inverse Bremsstrahlung processes is presented. The model shows that plasma shielding occurs at approximately 0.3 
GW/cm’, in agreement with experimental data for change in the mass ablation rate. The good agreement of model and 
experimental data suggest that thermal effects are important during nano-second laser ablation for power density less than 
0.3 GW/cm*. 

1. Introduction 

Laser ablation is a process that involves non-lin- 
ear coupling of photon energy of a laser beam into 
the surface of a solid, resulting in evaporation, ejec- 
tion of electrons, atomic and ionic species, clusters, 
and fragments. This technology can be used as a 
solid sampling approach for analytical spectroscopy 
[l-12] with advantages such as no sample prepara- 
tion, small sample requirements, spatial analysis, and 
the ability to analyze directly, any materials. How- 
ever, fractional vaporization [12-161 in metals oc- 
curs, which is dependent on the laser power density. 

’ Corresponding author. 

The thermal component of the interaction influences 
the quantity and composition of the vapor. In addi- 
tion, the laser induced surface plasma influences the 
efficiency of laser energy coupled to the surface, 
available for material removal. 

We report laser ablation of brass with UV nano- 
second pulsing using inductive coupled plasma- 
atomic emission spectrometry (ICP-AES). ICP-AES 
is an excellent technology for studying laser ablation 
processes at atmosphere pressure. The ablated mate- 
rial is introduced into an Ar (or other inert gas) flow 
and carried to ICP, where the sampled material is 
heated and excited to optical emission. The influence 
of laser beam parameters (pulse width, wavelength, 
and power density) on the laser material interaction 
can be investigated. In this paper the emission inten- 
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sity of Cu and Zn and their ratio as a function of 
laser power density was studied during nano-second 
laser ablation. A model is presented to show that 
nano-second laser ablation likely involves thermal 
processes at low power density, which can explain 
the fractional removal of Zn and Cu. 

2. Experimental 

A diagram of the experimental system is shown in 
Fig. 1. The system has been previously described in 
detail [16]. The primary components are an excimer 
laser (h = 248 nm, pulse width 20 ns), an ICP 
spectrometer with a photodiode array detector, and a 
computer with associated data acquisition electron- 
ics. The energy of the excimer laser at the sample 
target was 30 mJ and the pulse rate was 10 Hz. 

The laser beam was focused onto the brass sam- 
ples (35% Zn composition) using a plano-convex 
lens with a 20 cm focal length. Power density at the 
sample surface was estimated from the energy of the 
laser beam, pulse width, and laser beam spot area. 
The fluence at the target surface is from 2 to 120 
J/cm2. The ablated vapor is carried by Ar gas into 
the ICP where it is excited to optical emission. The 
brass samples were repetitively ablated at each loca- 
tion for 60 seconds before data acquisition to remove 
surface impurities. Cu emission at 324.75 nm and Zn 
emission at 334.5 nm were measured. Spectral emis- 
sion in the ICP is directly related to the mass ablated 
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Fig. 1. Experimental configuration for studying laser ablation 
using ICP-AES. 
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Fig. 2. Experimental data for Cu and Zn emission intensity in ICP 
normalized to laser beam area as function of laser power density. 
The curves are calculated etch depth using the model described in 
the text. 

from the target. The ICP emission intensity is nor- 
malized to laser beam area in order to obtained the 
mass ablation rate per unit area. 

3. Experimental results 

The Cu (324.75 nm) and Zn (334.5 nm) emission 
intensity normalized to laser beam area as a function 
of laser power density are shown by the data points 
in Fig. 2. The mass ablation rate increases with laser 
power density and is proportional to P”, where R 
depends on the particular element and laser power 
density range. The mass ablation rate shows a roll-off 
at approximately 0.3 GW/cm2. Also, the change in 
mass ablation rate for Cu is much greater than that of 
Zn in the lower power density range, and it is similar 
after the power density reaches 0.3 GW/cm*. As the 
laser power density increases, the Zn/Cu intensity 
ratio reduces and reaches a constant level at approxi- 
mately 0.3 GW/cm2 (Fig. 3). ICP-AES shows that 
Zn is enriched at lower power density whereas the 
composition is close to the original material at higher 
laser power density, for ns UV laser ablation. These 
data demonstrate that preferential or non-stoichio- 
metric ablation occurs, dependent on laser power 
density. 
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4. Thermal evaporation model 

Laser ablation involves complex processes, with 
many simultaneous mechanisms influencing the 
amount and composition of the vapor. The surface 
temperature increases and neutral atoms are evapo- 
rated as laser light is absorbed by the target. Photo- 
electrons are emitted from the surface. These elec- 
trons can gain energy from the laser light during 
collision with atoms and ions (inverse 
Bremsstrahlung process). Ionization processes begin 
when kinetic energy of electron is higher than the 
ionization potential of evaporated atoms. The laser 
induced plasma above the surface can shield portions 
of the laser beam during the pulse. We describe a 
preliminary model based on thermal evaporation and 
inverse Bremsstrahlung that correlates with our ex- 
perimental observation of roll off and preferential 
vaporization, as measure for Zn and Cu in Figs. 2 
and 3. 

The ablated vapor is described by three compo- 
nents: electrons, ions, and neutral atoms with sub- 
scripts e, i, and n, respectively. 

The energy of electrons is [ 17,181: 

&, = $,k,T, + n,k,O, (1) 

where T, and n, are electron temperature and den- 
sity. Oi is the ionization potential. The first term is 
kinetic energy and second is ionization energy. 

The energy of particles (ions and atoms) is: 

8k,Te 

j 
vc=nn,uc - 

?Tm (6) 

0.1 
0 01 0.1 1 where a, is the electron-atom collision cross section 

Power density (GW/cm’) and n, is the density of atoms. 

Fig. 3. Experimental data showing the ratio of Zn to Cu emission 
intensity as function of laser power density. The curves are ratio 
of Zn to Cu calculated from the model. 

The change of particle energy equals to the ki- 
netic energy transferred from electrons and the ki- 
netic energy carried by the atoms vaporized from 

where Tp and np are particle temperature and num- 
ber density. 

Assuming that the electron density and tempera- 
ture are homogenous in the entire vapor cloud, the 
change of electron energy should equal to energy 
absorbed from the laser light minus energy trans- 
ferred to particles via collision, 

de, 1 - exp( -Hk,) 
-= 
dt H 

(1 -R)z-;k, 

x(Te - ~P)w% (3) 

where Z is the laser intensity vy is the energy 
transfer frequency. k, is the absorption coefficient of 
the plasma, and H is the thickness of the plasma. R 
is the reflectivity of the target. At A = 248 nm, the 
reflectivity of Cu is 0.34. The reflectivity of Al 
decreases to zero during the laser pulse after surface 
melting start [17]. Therefore, we only consider that 
R is equal to zero in this model. By assuming the 
plume expands with sonic velocity, 

dH yk,Tp 

dt d 
_= - 

M ’ (4) 

where y is the ratio of Cr and C,. M is particle 
mass. The absorption coefficient from inverse 
Bremsstrahlung can be defined as [18], 

k,= 3.~~~Zz[exp( 2) - 1] 

e2v, n, 
xn,ni + ~ 

nmc 6J2 (5) 

where w is the laser frequency, Z is the ionic 
charge, m is electron mass, e is electron charge, c is 
light speed, and the ni is number density of ions. 
The first term in Eq. (5) represents photo absorption 
from ions whereas the second term is absorption 
from atoms. The electron-atom collision frequency vc 
is 
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sample surface. If we assume that the temperature of 
atoms vaporized from surface is equal to the surface 
temperature, then 

(7) 

The ionization rate is: 

dn,_ 
dt - ainane - /3,nin~ 

where 

(Y, = Ci,lkBT, exp( - Oi/T,) (9a) 

(9b) 

Ci is an experimental parameter determined from 
electron ionization cross section data [ 191. 

For Z= 1 then 

n, = ni , 
np=ni+n,. (10) 

The change in number density of atoms in the plasma 
is equal to atoms evaporated from the surface: 

d(H(n, + ni)) J 

dt =’ (11) 

where J, is the evaporation rate. Assuming thermal 
equilibrium [20], 

(12) 

where P,(T,) is the vapor pressure of the target 
elements. 

(13) 

L,, is the heat of vaporization and TB is the boiling- 
point temperature. 

For brass, J, will be: 

+(1 - CC”)~VZ”(T,) J (14) 

where Cc, is the concentration of Cu atoms in the 
brass alloy. In our sample, Cc, is approximate 0.65. 

We have five differential equations (Eq. (31, (41, 
(71, (8) and (11)) for n,, n,, T,, Tp, H, and T, and 
six variables. For surface temperature [21], 

a’T( x, t) 1 dT( x, t) 

a2 at ’ 
x>X(t), t>o, 

K 

(15) 

T( x, 0) = To, 

T(w, t) = To, 

-KZ dX(t) 
ax x=X(t) 

=1(t) - PL”dt 

where K is the thermal conductivity of the target 
which is assumed to be constant, and p is the 
density. X(t) is the new surface position during 
evaporation which is determined by dX/dt = 
(l/p)J,(T,). Z=exp(-Hk,) is the effective laser 
intensity incident on the target surface. By using Eq. 
(15) we can calculate the surface temperature if we 
know how much laser light is absorbed, and then 
estimate how much material is evaporated. By solv- 
ing these equations, the amount of Cu and Zn evapo- 
rated during laser ablation as a function of power 
density can be calculated. The etch depth is the 
calculated from total mass of Cu and Zn evaporated 
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Fig. 4. Laser light transmitted to the target surface as function of 
time during the laser pulse for two power densities. 
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per unit area divided by the density of brass. The 
laser is assumed to be a rectangular pulse with 20 ns 
duration and power density of 0.3 and 0.4 GW/cm’. 
The laser intensity transmitted to the surface as a 
function of time was calculated (Fig. 4). This model 
shows that plasma shielding starts at = 0.3 
GW/cm’, the same power density at which experi- 
mental data shows roll-off. The transmitted laser 
energy to the surface decreases above this power 
density. The total Cu and Zn evaporated during the 
laser pulse was integrated from J,(t), and the results 
are included in Figs. 2 and 3. The calculated ablation 
rate from the model agrees with experimental data in 
the lower power density region (< 0.3 GW/cm2). 
Specifically, the model shows different ablation rates 
for Zn and Cu (and the change in their ratio) and 
approximately the power density at which roll-off 
occurs. At higher power density, the mass removal 
rate is less than the experimental. The model does 
not consider energy transfer between the hot plasma 
and sample surface, shock wave interactions, nor 
numerous other electronic and mechanical effects. 

However, using this model, a thermal mechanism 
appears to play an important role in UV ns-laser 
ablation. The photon energy of the nanosecond laser 
pulse is converted to heat instantly in the target and 
the quantity and composition of the laser ablated 
vapor is governed by the principle of thermodynam- 
ics in the low power density region. At the higher 
laser power density, the process is more complex and 
our preliminary model does not apply. The laser 
induced plasma is not transparent and a significant 
portion of incident laser energy is absorbed, increas- 
ing the temperature and pressure of plasma. The 
critical point of the solid is reached because of the 
high temperature and pressure plasma. Once the 
critical point in the solid is reached the vapor and 
liquid phases can not be distinguished. The vapor 
composition could be the same as that in the solid 
phase and preferential vaporization may be governed 
by the plasma-surface interaction. 
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