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ABSTRACT

Expansion of the laser plume into surrounding gas is considered in the range of ambient gas pressure from 0.1 bar to 1
bar using a kinetic approach. Plume is generated by a nanosecond laser pulse irradiating a silicon wafer. Absorption of
laser radiation by the silicon wafer, its heating and melting are described by a two-dimensional thermal model.
Axisymmetric flow in the laser plume is calculated by the Direct Simulation Monte Carlo method. Collisions between
molecules are described by the hard spheres — Larsen-Borgnakke model. Ablation rate is found from the Hertz-Knudsen
equation with taking into account of the back flux of atoms re-deposited at the surface from the plume. The purpose of
the work is to study the influence of surrounding gas pressure and its chemical composition on the flow patterns and
mixture process in the ablation plume and deposition of the ablated material back to the irradiated surface.
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1. INTRODUCTION

Micromachining of metal and semiconductor wafers by nanosecond laser pulses including cutting and drilling is usually
carried out in atmospheric conditions. In this case a surrounding (or ambient) gas can influence various parameters of the
process which are important for improvement of corresponding technologies. In particular, it influences the debris
dynamics and distribution of ablated material depositing back to the irradiated surface. However, in the most of
theoretical and numerical studies laser ablation in a vacuum or into gas at low pressure is considered. The understanding
of the ambient gas effect on the plume expansion at atmospheric pressure is still limited.

There are two basic approaches for numerical modeling of the laser plume expansion, namely kinetic [1,2] and
macroscopic (hydrodynamic) [3,4] ones. Along with them a combined approach is also used [5]. It is based on division
of the process into stages and division of flow into zones where calculations are carried out with the help of kinetic or
macroscopic models depending on flow conditions. Laser plume expansion in an atmospheric surrounding was studied in
[3,4] (other relevant references can be found in [4]) with the help of the macroscopic approach. But this approach has
evident limitations concerning with assumptions about continuum character of the flow, local thermodynamic
equilibrium, absence of diffusion and other transport processes (moreover, transport coefficients are often unknown) and
boundary conditions. These assumtions can be invalid for typical conditions in laser plume expansion problems.

The purpose of the work is to numerically study the laser plume expansion on the base of kinetic model using the Direct
Simulation Monte Carlo (DSMC) method and two-dimensional thermal model of the irradiated target. The developed
method is used for investigation of the plume expansion from a flat silicon wafer into the argon and air surroundings at
pressure up to lbar. The pulse energy is limited so that the maximal temperature of the target material is less than the
critical temperature of silicon and that required for ionization of the plume so that its effect is not significant.

2. MATHEMATICAL MODEL

2.1 Formulation of the problem

A flat silicon wafer of initial temperature T is considered (Fig. 1). The space above surface OC of the target is filled by
the surrounding gas with initial pressure p,o and temperature 7,. Surface OC is irradiated by the nanosecond laser pulse

" a_n_volkov@yahoo.com; phone 353-921-492517; fax 353-91-494594

Fundamentals of Laser Assisted Micro- and Nanotechnologies, edited by Vadim P. Veiko,
Proc. of SPIE Vol. 6985, 69850P, (2008) - 0277-786X/08/$18 - doi: 10.1117/12.787119

Proc. of SPIE Vol. 6985 69850P-1



incident to the surface in normal direction. Absorption of the laser energy results in the heating, melting and ablation of
the target. Mixture of the ablated material and the surrounding gas forms the laser plume. The typical flow structure at
the initial stage of the process includes the primary shock wave moving through the surrounding gas from the surface
and the secondary shock wave propagating from the primary one in the opposite direction. Typically, the primary shock
wave moves faster than the external boundary of the ablated material, therefore there is a region between the shock wave
and the plume, where ablated material is absent. The flow is considered during several hundreds of nanoseconds when
the primary shock wave travels over a distance of 200-300 microns. These time and length scales are of interest to
enhance technologies of laser micromachining of silicon wafers.
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Fig. 1. Scheme of computational domain and flow structure of the laser plume. Direct Simulation Monte Carlo of the plume
expansion is carried out in the domain O4BC. Heat conduction equation is solved in the domain OCDE.

It is assumed that the laser pulse has the Gaussian shape in time and space and all processes are axisymmetric. The
process is considered in cylindrical coordinates Oxy where axis Ox is the axis of symmetry and axis Oy points along the
surface (so that y is the radial distance from the center of the laser spot). The heating of the target is considered in the
computational domain OCDE while the plume expansion is calculated in the domain O4ABC.
The model of the process is based on the assumption that the intensity of laser radiation is low enough so that the
material temperature is less than the critical one and

1) Phase explosion does not take place

2) Ionization and dissociation effects are negligible

3) Absorption of radiation by the plume is negligible

4) Ablated material is an atomic vapor (normal evaporation takes place).
The flow of molten silicon is also not considered. Moreover, the shape of the crater on the irradiated surface is taken into
account in the heat model of the target only. In conditions considered below, the crater depth is negligibly small as
compared with the typical length scale of the laser plume (typically, it has the same size as the size of one cell of the
computational grid using for the modeling of the plume expansion), therefore in the kinetic model the target surface is
considered as a flat surface during simulation.
For the considered time scale of the process the number of silicon clusters formed in the plume as a result of
homogeneous nucleation is relatively small (it was approved by the preliminary calculations, where formation of the
small silicon clusters was taken into account by means of the kinetic model developed in [6]. In this model, clusters
formation begins from the diatomic silicon molecules originating in the process of three-particle recombination).
Therefore, homogeneous nucleation of silicon clusters is not taken into account. In this case the laser plume can be
considered as a mixture of two rarefied gases (silicon vapor and surrounding gas) of neutral molecules.

2.2 The model of heating and evaporation of the silicon wafer

The intensity /,(y,t) of the Gaussian laser pulse is described by the equation
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where E; is the pulse energy, ¢, and D, are the pulse duration and the laser spot diameter (FWHM). The maximal
intensity [, is realized at time ¢ = 0, therefore simulations begin at time ¢ = —f,, where ¢, is sufficiently large (in
calculations, #;=50;).

The shape of the irradiated surface is changed due to ablation. It is assumed that the surface shape at time ¢ is described
by the equation x=X,,(y,f). Then the axisymmetric unsteady field of temperature 7(x,y,f) in the target can be determined
from the modified heat conduction equation [7]

Mpe(T) + H,5(T - Tm)]i,—f ——2(a.)- %(yqy)+ V0, . @)

where p and ¢(7) are the density and the specific heat of the target material, H,, is the latent heat of fusion, T, is the
melting temperature, 6(7) is the Dirac delta-function, g,=(7)07/0x and q,=(T)0T/0y are the x- and y-components of
the heat flux vector, x(7) is the heat conductivity. Term H,,0(7-T,,) accounts the energy consumption for the melting and

re-crystallization of the material in the framework of the enthalpy approach [7]. Term Q. describes the absorption of
the laser radiation by the target with the help of the Beer’s law

O (4, 1,0) = (1= RYad , (v, 1) exp(—a | x = X, (»,0) ]), 3)

where R is the reflectance and « is the linear absorption coefficient of the target material.
In order to solve Eq. (2) in the computational domain with moving boundaries, new generalized coordinates {=x—X,,(,f)
and #=y are used. One can write Eq. (2) in the new coordinates in the form
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where V, =0X,/0t.Eq. (4) is solved in the fixed computational domain with boundary conditions

nlpe(T) + H,5(T - m{

at £ =0 (irradiated surface): g n, +g n, =-pH,V, , 5)
. orT
at 7 =0 (axis of symmetry): = =0, (6)
n
at £ =—H, and n = L (“far” boundaries in the bulk material): 7' =T7,, 7

where n,=1/R,, and n,=-(1/R,, )0X,/0y are the components of the unity normal directed outwards from the surface, H,, is
the latent heat of vaporization and V,, is the velocity of the ablation front. In Eq. (7) it is assumed that H, and L are large
enough so that the material temperature at the boundaries CD and DE inside the bulk material is assumed to be constant.
The heat flux in the gas phase is neglected in Eq. (5) because it is usually small as compared with the term in the right
part of Eq. (5). The change in the shape of the irradiated surface is defined by the equation

oX
—=-Vn_. 8
=V, ®)

Egs. (4) and (8) are solved with the initial conditions 7'(&,n,¢) =T, and X, (7,t) =0 at time =, The velocity of the
ablation front V' is defined as

w

Vo=t -v). ©)
P

where , and y, are the mass flux densities of evaporating and condensing material, respectively. The density y, of

the condensation flux is calculated from the kinetic model of the plume expansion. Mass flux density of the evaporating
material is calculated with the help of the Hertz-Knudsen model [8]

Proc. of SPIE Vol. 6985 69850P-3



p.(T,)

e i — (10)
2k, Im )T,

where T, is the local surface temperature, kp is the Boltzmann’s constant and myg; is the mass of a silicon atom. In the
model, the evaporation and condensation coefficients for silicon are assumed to be equal to unity. The equilibrium vapor
pressure p,(T,,) is found from the Clausius-Clapeyron equation in the form

m. H [ 1 1
T)= —seth ], 11
p,(T,) p,,eXp[ k. (T TH (11)
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where T}, is the vaporization temperature at pressure p,.
2.3 The model of the plume expansion

In the kinetic model of the plume expansion, both components of the gas mixture (silicon vapor and surrounding gas) are
considered as rarefied gases, where only binary collisions between atoms or molecules are taken into account. If both
components consist of atoms without internal degrees of freedom, then the flow of the mixture is described by the set of
the Boltzmann-type kinetic equations for a mixture of non-reactive gases. These equation can be found elsewhere [9]. In
this case the mixture flow is described by the velocity distribution functions of silicon atoms fg(r,v,f) and molecules of
the ambient gas f,(r,v,?) (here r is the radius-vector and v is the velocity vector of a molecule) which are normalized by

the numerical concentration ng and n,,1i.e. ng(r,t) = iji(r,V,t)dv, n,(r,t) = If (r,v,t)dv .

For molecules with internal degrees of freedom, the structure of kinetic equations depends on the model describing the
energy transfer between translational and internal degrees of freedom during collisions between molecules. In this case
molecules distribution functions have additional variables describing the internal state of molecules.
The numerical simulation of the plume expansion in this study is performed with the help of the DSMC method. In order
to develop the numerical algorithm in this method it is sufficient to determine the model of pair collision between gas
particles and also initial and boundary conditions.
Data about the collisional cross-sections for silicon vapor and other gases at high temperatures is limited, therefore the
simplest model of binary collisions between two gas particles 4 and B is used. In this model, the current state of some
gas particle 4 is described by its position r,, velocity v, and internal energy E,. Physical properties of this particle are
described by its constant diameter d,4, mass m, and number {, of internal degrees of freedom. The total cross-section for
a collision between particles 4 and B is defined as o,=n(d,+d5)*/4. Changes in particle velocities and internal energies
after a collision are described by the combined hard sphere — Larsen-Borgnakke model [9]. The probability of energy
exchange between translational and internal degrees of freedom is assumed to be equal to unity for all types of collisions.
On the evaporating surface OC (see Fig. 1) the boundary conditions for silicon atoms are based on assumptions:

1. Distribution function of evaporating atoms moving from the surface is defined by the Hertz-Knudsen model [8]

3/2 5
atx=0and v, >0: f,(r,v,0) :& - exp| — MgV (12)
: k, T, \ 27k,T, 2k,T,

2. All silicon atoms moving to the surface condensate on it, so that the density y, of the condensation flux in Eq.
(9) is defined as

(.0 =-my [v.f,(x,v.0dv. (13)

vy<0

The model of diffuse scattering [9] is used as a boundary condition for molecules of the ambient gas at the evaporating
surface. It is assumed that the internal energy of the molecule remains unchanged after the reflection from the surface
and velocity distribution of reflected molecules can be found from the equation

2 mv’ [v_|
at x=0andv_>0: r,v,t) = —exp| — —* . =/, (x,v,t)dv . 14
X V. f,,( ) . p[ 2kBT,JV;<[0 [Z(kB/ma)T ] f( ) ( )
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On the axis of symmetry (y=0) the symmetry conditions are applied for the both silicon vapor and surrounding gas. Free
boundaries AB and BC are assumed to be placed far enough from the laser spot so that the concentration of silicon vapor
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is negligible at these boundaries and the velocity distribution of surrounding gas molecules is the equilibrium
Maxwellian distribution, i.e. f,(r,v,t)=f, (v) at x=H , v, <0or y=L, v <0, where

3/2 5
Pao m, m,v
V) =—= exp| — . 15
r= el ] o -2 a3
If molecules of the surrounding gas have internal degrees of freedom ({,>0), then the distribution of internal energy £, of
molecules on free boundaries is described by the equilibrium distribution [9]

F (E,)= ! ( E, J eXp(— E, ], (16)

[, 12k, T, K,T, kT,

BT0

where I'(x)is the gamma-function.

Initially at time =, the silicon vapor is absent in the computational domain and the spatially homogeneous distribution
of ambient gas molecules is described by Eqgs. (15) and (16).

2.4 Governing parameters and numerical method

Before simulations, more than fifty references containing information about mechanical, thermal and optical properties
of silicon were analyzed. Unfortunately, it was found that data about physical properties of silicon for temperatures
T>2000 K was not available. Therefore, the properties of silicon are assumed to be constant at 7>2000 K.

Properties of silicon using in simulations are listed in Table 1. Optical properties of silicon are chosen for a third
harmonic solid state laser with the wavelength 355 nm. Parameters of the laser pulse in Eq. (1) are chosen to be equal to:
t;=23 nm, D; =26 um and E;=30.6 pJ. Such pulse energy is at least in 5 times less than the pulse energy in real
nanosecond laser devices using for the silicon micromachining. At the same time it corresponds to maximal laser
intensity .=~ 1.6% 10> W/em®. In this case the maximal temperature is less than 0.97,, where T, is the critical
temperature for silicon.

Table. 1. Mechanical, thermal and optical properties of silicon.

Parameter Value Unit  Ref.
Atomic mass, mg; 28.086 a.mu. [10]
Atomic diameter, d; 0.264 nm [10]
Density, p 2320 kg/m®  [11]
Melting temperature, 7, 1690 K [11]
Melting enthalpy, H,, 1780 kikg [11]
Specific heat, ¢(T) 677.743 - 0.05447 x (T —-273) + J/(kg'K) *

) for 300<7T<T
+ 11.4172x (T —273)"? "

968.454 for T > T,

Heat conductivity, () 152100.0x 77" for T <1200 W/(m'K) [13]
898.0x T for 1200<T < T,
60 for T>T,
Vaporization temperature 3490 K [12]
at pressure p, =1 atm, T},
Vaporization enthalpy, /, 15000 kikg [11]
Critical temperature, 7, 7500 K [14]

Optical properties for

wavelength 355 nm

Reflectance, R 0.58 [11]
Absorption coefficient, @  1.07x10° m [11]

* Equation for ¢(7) was obtained in this work by the approximation of data from [12].

In simulations, initial temperature 7} is equal to 300 K, the initial pressure of the ambient gas p, is varied from 0.1 bar to
1 bar. Two types of surrounding gas are considered: argon (m,=39.94 am.u., d,=0.366 nm, {,=0) and air
(m,=28.996 a.m.u., d,=0.37 nm, {,=2). But the most of computational results are obtained for argon. Computational
results for air are assumed to be less reliable because in this case the dissociation and chemical reactions can take place.
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Egs. (4) and (8) are solved numerically by the implicit finite-volume scheme of second order in time and space, which is
similar to the numerical scheme described in [15]. Parameters of computational method were chosen From the
preliminary calculations. In particular, computational grid was non-uniform in ¢-direction and near the surface the cell
size of the computational grid was at least in two decimal orders less than the penetration depth a™ of the laser radiation.

Plume expansion is calculated by the DSMC method based on the Bird’s NTC scheme [9]. The cell size of the

computational grid was chosen to be equal to (0.5—1)x/,, where A,=kzTy/(2"*nd,’po) is the mean free path of

surrounding gas molecules in the initial state. Calculations were carried out with the help of the parallel DSMC software
developed by authors with the help of the MPI communication library. In calculations, the typical number of modeling
particles was equal to 600 x 10°, typical number of cells was equal to 30x 10°. In order to decrease the level of statistical
scattering, the computational results are averaged over ~100 samples of the entire process.

3. COMPUTATIONAL RESULTS

The axial distributions of the mixture concentration n=n,+ng, the silicon vapor concentration ng, the mixture
translational temperature 7 (temperature 7 is defined as a measure of the translational internal energy of the mixture, i.e.
3kpT/2=E,/n, where E, is the density of the average translational energy of mixture particles in their chaotic motion) and
vertical velocity V, obtained for four times during the plume expansion into argon at p,=1 bar are shown in Fig. 2.
Fields of n, and ng;, calculated in the same conditions, are compared in Fig. 3.

In the considered conditions, plume formation begins at ¢ = 0, i.e. when the laser intensity is maximal. Plume expansion
can be divided into two basic stages: “fast” stage of the plume expansion by convection and “diffusive” stage when the
atomic vapor slowly expands primarily by diffusion. During the initial 30 ns the front of the plume moves with the
almost same speed as the primary shock wave (Fig. 3, a, b). Simultaneously, the secondary shock wave moves from the
primary one. The fronts of both waves are clearly seen in curves 1 in Fig. 2. Concentration of the silicon vapor during
this stage in the center of the laser spot has the same order as the initial concentration of the ambient gas. Concentration
of the ambient gas in the center of the plume is almost zero (Fig. 3, a).

By the time = 40 ns mixture concentration near the laser spot drops drastically — more than one decimal order. Secondary
shock wave is almost disappeared propagating through this rarefied region. Weak “traces” of this wave are seen in
curves 2 in Fig. 2 and also in the field of the local Mach number in Fig. 4, d. At this time the pressure in the center of the
plume becomes much less than the pressure in the surrounding gas between the plume and the primary shock wave. This
results in the flow of the surrounding gas to the center of the plume and macroscopic mixture velocity V, becomes
negative in a region near the flow axis (see curve 2 in Fig. 2, d). Macroscopic velocities of the surrounding gas and the
silicon vapor are significantly different, and diffusion of the mixture component is important at this stage of the process.
The maximal macroscopic velocity of the plume decreases by almost four times during time from ¢ = 20 ns till # = 40 ns.
After 30 ns the velocity of the primary shock wave becomes much larger than the velocity of the plume front and the
region of the “pure” surrounding gas is formed between the plume and the primary shock wave.

By the time ¢ = 100 ns the shape of the plume is almost stabilized and the last “diffusive” stage of the plume expansion
begins, when plume changes very slowly due to diffusion (compare curves 3 and 4 in Fig. 2, b and fields in Fig. 5, d and
f). The macroscopic velocity of the mixture in the center of the plume is less than 200 m/s, and the macroscopic velocity
of the silicon vapor is even less. The plume shape at this stage is shown in Fig. 3, f. Such a confinement effect of the
surrounding gas was observed previously [5] when the pressure of the surrounding gas was as small as 70 Pa. By the
time 250-300 ns concentrations of mixture components have the same order in the center of the plume. At this
“diffusive” stage ng; at the surface near the laser spot drops while n, increases. It results in the formation of a thin layer
where ng; is very low, e.g. n,/ng; > 30 at t = 251 ns in the center of the laser spot.

Thus, computational results show that flow is highly non-equilibrium during the plume expansion, regions with very low
concentrations of mixture components arise and the diffusion of mixture components is significant in the considered time
scale even in atmospheric surroundings. In these conditions, kinetic models are more appropriate for the modeling of the
plume expansion than models based on the hydrodynamic equations.

Fields of the local values of the “formal” Mach number M=|V|/(ngT)1/2 (here V is the vector of the mixture macroscopic
velocity, y=(5+0)/(3+() and R =kg(n,tng)/(mn.+mgns;) are local values of the average ratio of heat capacities and
specific gas constant for the mixture, (= { 1, /n is the local value of the average number of internal degrees of freedom
of mixture molecules) along with the streamline patterns (plotted using instant velocity fields) are shown in Fig. 4 for the
plume expansion into argon at p,,=0.1 bar (a, c, ) and p,=1 bar (b, d, f).

From the point of view of velocity field, the four stages of the plume expansion exists at atmospheric pressure. At the
first stage (Fig. 4, b) the gas flows in radial direction from the center of the laser spot. At the second stage the two
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stagnation regions (marked by the blue color in the Fig. 4, d) appear near the axis of symmetry and near the irradiated
surface. Part of streamlines originating from the stagnation regions changes its direction and points to the axis of
symmetry. At the third stage (at # = 150 ns in the considered conditions) both stagnation regions joint with each other and
flow field is divided into three regions: 1) almost radial concurrent flow behind the shock wave; 2) “core” region with
low velocities and complex vortex flow and 3) quite thin stagnation “layer” between them. Later on, during the fourth
stage (Fig. 4, f) the intensity of the shock wave and the gas velocities in the “core” region gradually decrease in time.
The size of the “core” region remains unchanged but the size of the stagnation region increases significantly.
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Fig. 2. Distributions of the mixture numerical concentration n (a), the silicon vapor concentration ng; (b), the mixture
temperature 7 (c) and the mixture vertical velocity V, (d). Curve 1 (red), t =~ 21 ns; 2 (green), ¢t = 41 ns; 2 (blue), £ ~ 151
ns; 4 (cyan), ¢t = 251 ns. Surrounding gas is argon, p,o=1 bar.

For smaller pressure of the surrounding gas (p,=0.1 bar), the flow field changes in time in a different manner. First of
all, until # = 150 ns a radial flow without significant stagnation regions is observed. The maximal values of the local
Mach number is much higher in this case as compared with the plume expansion in atmospheric surroundings (Fig. 4, a,
c). Even at the later stage of the process (¢ = 150 ns, Fig. 4, e) the stagnation region, dividing the flow field into
concurrent flow behind the shock wave and the “core” region, is not formed. Instead of it at some distance from the
surface the flow structure looks like the vortex ring rising from the surface. Such flow structure corresponds to the
“intermediate” or “transitional” flow mode between the two limiting cases: plume expansion into vacuum and into high-
pressure (atmospheric) surrounding gas.

With increase in the ambient gas pressure, the velocity of the primary shock wave decreases. This fact is consistent with
the data of numerical and experimental studies [6] and analytical models [16].
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It is well known, that the instant streamline patterns can not represent the true picture of an unsteady flow. Therefore the
patterns of inertialless particles (markers) were calculated in order to visualize the flow structure (such patterns are often
used to vizualize unsteady vortex flows like the flow past a circular cylinder, because they can be compared directly with
photographs of smoke streams used for the flow visualization in physical experiments). They are shown in Figs. 5 and 6
by sequences of thick red dots along with fields of vapor concentration ng;. Such particles move with local velocity of the
gas mixture, i.e. a trajectory (x{1), y,(f)) of i-th marker in two-dimensional flow is found from the equations of motion
Lvorn, Beor . (19)
Patterns in Figs. 5 and 6 are formed by markers which were initially placed at the irradiated surface (x=0). During initial
“fast” stage of the plume expansion (Fig. 5, a, b) markers form an envelope and deposit back on the surface near the
boundary of the laser spot. Later on for p,=0.1 bar deposition of markers on the surface completes and they form a
vortex ring which slowly rise away from the surface (Fig. 5, c, e). At p,=1 bar the markers deposition back to the
surface takes place all time in simulations and vortex ring is not formed. In these conditions, the vortex ring can arise
later on and it will be a subject of future studies. Computational results show that atomic vapor deposits at the surface
only in the vicinity of the laser spot. Therefore, the pollution of the target surface which was observed far from the spot
in physical experiments [14] presumably occurs due to generation of large debris (droplets) which are accelerated by the
plume at the “fast” stage of its expansion.
With decrease in p,o the size of the ablated plume increases faster and the spreading of the plume front due binary
diffusion became more pronounced. This effect of p, is expected (because the binary diffusion coefficient is
approximately inversely proportional to the concentration [9]) and was reported early for p,o < 100 Pa (see [5]).
Fields of ng; and T along with patterns of inertialless markers computed for argon and air surroundings at p,=0.3 bar are
compared in Fig. 6. Flow fields in both cases are close to each other because mechanical properties of argon and air
molecules differ only slightly from each other. The intensity of the primary shock wave decreases faster in time and
velocity of the shock wave and the rate of the plume expansion are slightly higher in the case of air. The latter effect is
expected because the shock wave velocity should increase with increase in ratio y,/m, and this ratio is slightly larger for
air than for argon. Comparison of the translational and rotational temperatures shows that the equilibrium between the
translational and rotational degrees of freedom of air molecules is not established at least until # ~ 300 ns.

4. CONCLUSION

Plume expansion from a flat silicon target irradiated by the nanosecond laser pulse is studied numerically with the help
of the kinetic model of the plume expansion and two-dimensional thermal model of the target in the pressure range from
0.1 bar to 1 bar. It was found that a local region of rarefied flow can appear behind the shock wave, flow is non-
equilibrium and diffusion of mixture components plays an important role even in atmospheric surroundings. Therefore
kinetic models are more appropriate for the considered problem than models based on hydrodynamic equations. In
atmospheric surroundings the plume expansion can be divided into two stages: “fast” expansion which takes =~ 100 ns
and subsequent “diffusive” stage when the plume shape changes very slowly due to diffusion. The atomic vapor deposits
at the surface in the vicinity of the laser spot. Only relatively large droplets generated directly at the surface and
accelerated by the plume can presumably pollute the wafer surface far from the laser spot. During the time of
simulations, formation of the rising vortex ring is observed at pressure 0.1-0.3 bar and does not observed in atmospheric
surroundings.
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Fig. 3. Contours of constant concentration of the surrounding gas lg(n,) (a, ¢, ) and silicon vapor 1g(ng;) (b, d, f) at time ¢ ~
21 ns (a,b), t= 101 ns (c,d) and ¢ = 251 ns (e,f). Surrounding gas is argon, p =1 bar.
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