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ABSTRACT

Plasma generation through vapor breakdown during ablation of a Si target by
nanosecond KrF laser pulses is modeled using 0-dimensional rate equations. Although there
is some previous work on vapor breakdown by microsecond laser pulses, there have been no
attempts made on vapor breakdown by nanosecond laser pulses. This work intends to fill the
gap. A kinetic model is developed considering following factors: (1) two temperatures of
both electrons and heavy-body particles (ions, neutrals, and excited states of neutrals), (2)
absorption mechanisms of laser energy include inverse bremstrahlung (IB) processes and
photoionization of excited states, (3) ionization acceleration mechanisms included are
electron-impact excitation of ground state neutrals, electron-impact ionization of exited states
of neutrals, photoionization of excited states of neutrals, and all necessary reverse processes.
The rates of various processes considered are calculated according to the formula given by
Zel'dovich and Raizer [1]. We use a second order predictor-corrector numerical scheme for
iterations of the rate equations. The rate equations are solved for five quantities, namely,
densities of electrons, neutrals, and excited states of neutrals, and the temperatures of
electrons and heavy-body particles. The total breakdown times (sum of evaporation time and
vapor breakdown time) at different energy fluences are then calculated. The results are
compared with experimental observations of Si target ablation using a KrF laser. A more
detailed description of the model and the results will be published later [2].

I. Introduction

One of the main techniques for laser materials processing is pulsed laser deposition
(PLD) of thin films. The advantages of PLD compared to other techniques include, novel
epitaxial and low temperature growth of homogeneous and heterogeneous films by utilizing
energetic species, stoichiometric ablation of constituent species of the target, and growth of
metastable phases layer-by-layer under nonequilibrium ablation conditions. While
experimentalists are trying to find optimal conditions for thin film growth by PLD, a
systematic effort in modeling of various physical processes during deposition is needed. For
computational modeling of the complicated processes such as occur during PLD, one faces the
challenge not only to better understand the fundamentals of the processes, but also to utilize
the most appropriate computational techniques in the modeling. Modeling of vapor
breakdown due to the interactions between vapor and incoming laser beam during ablation is
such a challenge. Understanding this phenomenon is extremely important in assessing the
final state of the plume after the pulse and subsequent plume expansion and transport toward
the substrate. There have been no pervious attempts made to model vapor breakdown under
irradiation of nanosecond laser pulses, although some work was done for microsecond laser
pulses [3]. In this paper, we present preliminary results from theoretical modeling of vapor
breakdown leading to plasma generation (fully ionized gas) through the interactions between
the evaporated gas (plume) and the incoming laser beam during ablation, in an effort to fill the
gap and to pursue systematic theoretical study on all the physical processes of laser ablation.




I1. Theory for Vapor Breakdown
2.1 Physical model for vapor breakdown

A reasonable physical model can be set up for the early period of the ablation. During
the initial ablation, generated vapor experiences a slow 1-D expansion and the expanding
velocity can be taken as a constant (V,). The vapor can be assumed to be homogeneous
during this early stage of the ablation. In the vapor, ions, electrons, excited states of neutrals,
and ground states of neutrals all exist. Evaporation continues to supply these particles ((Ne)o,
(No)o» (N")o) into the vapor during ablation and thus contributes to the total energy in the
vapor. At the mean time, electrons in the vapor absorb energies from photons in the laser
beam and exchange the energies with heavy-body particles through elastic collisions,
therefore two temperatures, i.e., electron temperature (T.) and heavy-body particle
temperature (Tp), are necessary. Some neutrals can be ionized via excited states either by
electron-impact or photoionization. A schematic of this physical model is shown in Fig.1
along with a KrF laser pulse used in our model.
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Fig. 1 (a) Schematic of the physical model used for modeling of vapor breakdown (b) laser pulse
used in the modeling calculations.

2.2 Mechanisms of laser energy absorption

Two absorption mechanisms of laser energy are considered in our model. One is the
inverse bremsstrahlung absorption through electron-atom and electron-ion interactions. The
absorption coefficients for electron-atom IB, 0le-a, and electron-ion IB, Oe-j, are given by [4]

Ole-a = 2.90x1019 N N Tel-5 Ge.p / V3 (1

Ole-i = 3.42756x106 Ne 2 G/ ((TR)12 V3) )

where N, and N, are electron and neutral densities, T and Ty (in K) are the electron and
heavy-body temperatures, Ge.; and Ge.j are the Gaunt factors for electron-atom IB and
electron-ion IB, and v is the frequency of laser pulse. Another absorption mechanism
considered is photoionization of an excited state. The cross section G is given by [1]

6= 7.9x10°18 (Sion)3 (El—il—j;)l/z 3)




where Eion (in eV) is the ionization energy of the excited state, hv is the photon energy of
laser pulse, and Iy (in eV) is the hydrogen ionization potential. The total energy absorbed
(Iab) by the two mechanisms from laser energy (), is then

Lab = (0t¢-a + Oe-j+ ON™)I )
2.3 Kinetic theory for breakdown

There are two necessary conditions for vapor breakdown, i.e., one is "priming" electrons
and another is electron density acceleration mechanism. One can consider the electron density
as an indicator of the ionization level in the plume since it is directly proportional to the ion
density in the plume. In our case, the electron density is equal to the ion density since only
singly charged particles of Si are considered. There are many sources for "priming” electrons,
such as local thermal ionization described by Saha equation, thermionic emission from the
target surface and from heated liquid droplets in the plume, shock heating and ionization,
surface defects which are thermally uncoupled with the bulk, avalanche and photoionization
within the solid target near the surface, etc. Once the "priming” electrons exist, its
acceleration mechanism leading to breakdown becomes important. We consider following
forward and reverse processes for electron density acceleration and deceleration,
corresponding rates are also given [1]:

(1) Electron-impact excitation of ground state neutrals

Si +e+Eex=Si"+e (5)
Forward rate from ground to excited states, Kg_e:
Kge = 6.x10712 (Te)/2 (2. + Eex / kKTe) Ne Ng (5a)
Backward rate from excited to ground states, Ke.g:
Keg= 1.8x10-10 (T )2 (2, + Eex / kTe) Ne N* (5b)

(2) Electron-impact ionization of excited states of neutrals

Si* +e+Ejon=Sit+e+e (6)
Forward rate from excited to ionic states, Ke.j:
Ke.i = 2.2x10-10 (Ty,)12 (:EIT};;)Z Ne N* exp(-Ejon / kTe) (6a)
Backward rate from excited to ground states, Kj_e:
Kie = 11025 (Tpy! ()2 (N3 (6b)

(3) Photoionization of excited states of neutrals
Si* +hv =Sit +e N

where Eex is the energy required for ground state neutrals to be excited. A schematic of all
the kinetic processes considered in the model is shown in Fig.2.

According to Zel'dovich and Raizer [1], we consider heating of heavy-body particles by
hot electrons through elastic collisions. The rate of change in electron temperature, Te, is
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Fig. 2 Schematic of kinetic processes considered in our model.

Similarly for the rate of change in heavy-body temperature, Th, is given by
_ 7.x103 (TP

= (InA)Ne ®

III. Numerical calculations for vapor breakdown

From conservation equations, we can write the rate equations for electrons, excited
states of neutrals, and ground states of neutrals:

For electrons:

d 1 dH «, (N
SNl = Nepr G + Kei - Kio) + 02N+ oo (10)

For excited states of neutrals:
d 1 dH I N* (N*
FINT= N R+ (Kpe - Keop) + Kie-Kei)-of2N"- o2 g

For ground states of neutrals:

d 1 dH N
dt [Nol = -No Hda t (Ke-g -Kg-e) "‘—(’HO—)O (12)

where the first terms in egs. (10,11,12) are due to dilution upon the vapor expansion, the last
terms are due to resupply of particles from evaporation, and 1" is the lifetime of excited states.
Constant supply of material((Ne)o, (No)o, (N*)o) during ablation is obtained from Clausius-
Clapeyron equation at the normal evaporation temperature [5]. Conservation equations of
energy are:




Energy for electrons and excited states of neutrals:
d
gt {[Ne(3/2kT, + €p) + N* Ejop]H} =(Ne)o(3/2kTs + €1) + (N"}Ejon

+ H Izp - 3/2k(Te - Tp) %I: H (13)
Energy for heavy-body particles:
g; (NT372kTRH) = (NT)03/2kT + 3/2k(T, - Th)% H (14)

where €] is the ionization potential of ground states of neutrals, Ty is taken as the evaporation

temperature, Nt = (Ne + Ny + N*), and (Nr)o = [(Ne)o + (No)o + (N*)o]l. Substituting
egs.(10,11,12) into eqs.(13,14), we get the rate equations for Te and Th:

d Isp N* hv +Eex -€ 2
[Tl =0 22 g(—3pp— -To)+ 3N Ke- - Kie)(Eion - €1 - 3/2KTe)

2E; Te-T 2 (Ne)o(Ts - T
- 50 (Keg - Kye) - 5 + 3, (Ole-a + Gle) [+~ 1)

(15)

Q [T ] = Te ‘Th Ne + (NT)O(TS' Th)
dtt*hl = g. HNT HNT

(16)

These 0-Dimensional rate equations, i.e., €gqs.(10,11,12,15,16), are then solved for the
five quantities of interest using second-order predictor-corrector algorithm. The starting
conditions for initial distribution of particle densities in the vapor are determined by Saha

equation for Ny and Ne, and Boltzmann distribution for N* and N, i.e.,

: (NeP 2mmekTh apy 8+
. — 3/2 -
Saha equation: No = 2( 12 ) 2o exp(-€1/ kTy) a7n
Boltzmann: N = Bx exp(-Eion / kTh) (18)
. N0 go 10N

where g, and g. are partition function coefficients (both are equal to 6/15 for Si).

IV. Results and discussion

We used a 1-D thermal model (LASERS8) [6-9] to calculate the time for a solid to be evaporated
under laser irradiation (Tvap) and the kinetic model described here for the time for vapor to be fully
ionized (tTyB). Then, the total breakdown time, TTB, is given by: TTB = Tyap + TVB- A KrF laser pulse
of FWHM=40.0 ns is used for both models (as seen in Fig.1b). The total breakdown times at two laser
energy fluences are calculated.

(1) Laser energy fluence = 6.0 Jfem?
Tyap = 22.0 ns (from the thermal model), Tvg = 48.0 ns  (from the kinetic model)
TTB = Tvap + TVB = 22.0 + 48.0 = 70.0 ns >>Tpulse

(2) Laser energy fluence = 20.0 J/em2s Tvap = 6.0 s, Ty = 18.0 ns
TTB = Tvap + TvB = 6.0 +18.0 =24.0 ns <Tpulse

The results indicated that at an energy fluence of 6.0 J/cm? the total breakdown surprisingly
occurred toward the end of the laser pulse at 70.0 ns. In this case, one may not see the vapor




breakdown visibly by means of light emission. On the other hand, at an energy fluence of 20.0 J/cm?,
one may readily see the breakdown in the time frame (the total breakdown time ~24.0 ns) of the laser
pulse duration. This is qualitatively consistent with experimental observations.

Particle density as a function of time in the plume

Particle density as a function of time in the plume
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Fig.3 Particle density as a function of time from calculations, indicating vapor breakdown
timings during ablation of a Si target by KrF laser pulses.
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