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Modeling of gas dynamics for a laser-generated plasma: Propagation into low-pressure gases
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The physical phenomena involved during three-dimensional axisymmetric laser-induced plasma expansion
into background gas are numerically studied. For this purpose, a multispecies hydrodynamic model is devel-
oped which considers the effects of mass and ambipolar diffusions, thermal conduction, viscosity, and non-
equilibrium conditions for ionization. This model is applied to describe quantitatively the Si plasma plume
expansion into Ar or He gases. It is shown that the mechanism of plasma expansion depends critically on both
the pressure and mass of the background gas. The shock front expansion is found to be strongly correlated with
ion dynamics. A pronounced difference between heavy-particle and electron temperatures indicates a persistent
lack of equilibrium between the heavy particle and the electron in the plasma plume expansion. The Si atoms
of the rarefied plume are essentially driven by the backward-moving background gas as a result of a mass
diffusion process. It is also noted that the diffusion processes are only important in the last expansion stage,
and are less significant in the first stage. Therefore, it is shown that a computation which does not include
diffusion effects(Euler equationscan adequately describe only the earliest stage of plasma expansion into
background gas. The ability of the Navier-Stokes hydrodynamic multispecies model to predict the key role of
the background gas typgér, He) and pressure is demonstrated.

PACS numbegps): 52.50.Jm, 52.65:y

I. INTRODUCTION gas pressurdess than~100 mTory, plasma expansion was
described by Monte Carlo simulati¢8], whereas for higher
Pulsed laser depositioiPLD) has become a flexible and pressure many numerical simulations were performed using
effective method of depositing a wide variety of thin films compressible and nondissipative conservation equations for
extending from highF, superconductors to dielectric mate- mass, momentum, and ener@g., Euler equationg7,8,10.
rials [1]. More recently, PLD was shown to be a technologi- The latter hydrodynamic approach is advantageous for pro-
cally attractive technique for producing silicon nanostruc-viding density, velocity, and temperature profiles across the
tures[2]. Physical processes during PLD produced by shorplasma plume as a function of time, and leading to quantities
laser pulsegranging from picoseconds to nanosecoralsd  which may be compared with experimental measurements
relatively low laser fluenceg<10 J/cn?) can be described by [7,8,10. However for Euler modeling, all the simulated spe-
four successive stag€3,4]: (i) evaporation of the target ma- cies, including neutral atoms and ions, have the same veloc-
terial; (i) interaction of the evaporated cloud with the laserity (i.e., fluid velocity, whereas experimental results indicate
beam, resulting in cloud heating and plasma format{orn; that neutral atoms are characterized by a lower most prob-
plasma plume expansion into the vacuum or background gasble velocity in comparison with ionized atom velocities
environment; andiv) deposition of material on a substrate. [3,11-13. In fact, owing to the presence of large electron
The first two processes occur during the laser pulse. Fodensity gradients in the compression shock, and to the high
nanosecond laser pulses, it may be assumed that the thirdobility of electrons, conditions are favorable for the diffu-
procesq(i.e., the expansion stapsetarts after the laser pulse sion of electron gas with respect to ion gas, and to the cre-
has terminated, and thus can be considered separately. Thdon of space charges. Together with viscosity and heat con-
first two processes have been widely discussed elsewhetkiction, diffusion affects the structure of the shock front and
[3-5]. thus the thermalization of plume specjéd]. Finally, during
Plasma expansion into a vacuum environment is a simplelasma expansion into the background gas, a considerable
adiabatic regime which can be fully predicted by theoreticalpart of the ionization energy is converted into hydrodynamic
models and numerical gas dynamic simulati8gf]. The flow via recombination process¢8,14]. Thus the plasma
plasma behavior into a background gas becomes considgptume expansion should not be considered in ionization
ably more complicated due to the rise of new physical pro-equilibrium.
cesses involved such as deceleration, shock wave formation, In the present work, a multispecies three-dimensional axi-
thermal conduction, diffusion, recombination, and clusteringsymmetric model is developed to describe laser-induced
Previously a deeper understanding of the plasma plume exlasma expansion into background gases. The full Navier-
pansion was gained by combining experimental results witlStokes computation with mass and forced diffusions, thermal
models derived from numerical simulatiofs6,7]. For low  conduction, and viscosity is used for the first time, to our
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knowledge, to improve the predictive capability of the com-In these equations;, v4i, andw; are the density, the dif-
puter simulation. The model also incorporates the nonequifusion velocity, and mass source term of spedjespec-
librium condition for ionization and recombination. The tively. 7 is the velocity,p is the density of the mixtureR,
study is focused on a presentation of the physical and nuand P, are the atom-ion and electron pressure, respectively,
merical modeling(Navier-Stokes equations, transport prop-p is the overall pressure, anglis the viscous shear stress
erties, ionization, and recombination mechanigrasd on a  tensor.E, andE, are the atom-ion and electron energies, and
quantitative description of the spatial and temporal evolutionsa andSe are the atom-ion and electron energy source terms.
of the laser-induced Si plasma plume into both Ar and He An ideal-gas equation of state is assumed for each species

gases. Modeling conditions are characterized by severgheavy particle, electronThe overall pressure is given by
laser-ablation processing parameters including energy densi-

ties, background gas nature, and pressure. Differences be- RT RT,
tween Navier-Stokes and Euler computations are outlined. P=P,+ Pb=2 pi—tpeT> )
Finally, the plasma expansion behavior into the background e M Me

gas, and some interesting physical features such as the tem- R R
perature evolution of atoms and electrons, the shock fronwvhere M; is the molecular weight of speciés M, is the
and ion dynamics, and ionization degree variations are prenolecular weight of the electron, afidenotes the universal
sented and discussed. gas constant.

The heat conductive flug can be expressed as

[l. PHYSICAL AND NUMERICAL MODELING 0TS
G=—AmVT+ 2, 7gpihi, 6
A. Physical consideration q m i diPitti ©®

. The.gas dynam|cs.processes are stud|9d in the case %ere)\m is the gas mixture’s thermal conductivity. The spe-
irradiation of a pure silicon target, placed in a backgroundciﬁc enthalpyh; can be written as
gas, with an excimer laser beam (AX= 193 nm). The la- :
ser fluence range is 1.5-2.4 Jfrproviding a good supply T
of singly ionized Si while avoiding higher ionization states hi=f CpidT+ hi°, @)
[2,12,13. Four species are considered in the hydrodynamic 0
model: Si (neutral atom,j=1), Sin (singly ionized atom,
i=2), electrons (=3) and An or He (neutral atomj=4). ] ) ]
The background gas of Ar or He is assumed to be neutrétnd the heat of the formation of speciesespectively.
because of its high ionization ener(l6 and 24 eV, respec-  1he rigorous form of diffusion velocity given by Curtiss
tively). The plasma plume and background gas are treated &d_Hirschfeldef16] is usually difficult to include in nu-
a compressible flow3,8]. The plasma is assumed to be n_1enca| 5|_muI§1t|on. The_ref_ore, a simplification of the expres-
quasineutral, and two-temperature modelifigT,,) is used ~ SioN for diffusion velocity is necessary. Orz_;m and quls give
to describe the ionization nonequilibrium conditip,14). ~ Useful formulas for evaluating the diffusion velocity and
The electron temperatuf, deviates from the heavy-particle transport coefficientgl5]. Thg diffusion velocities are solu-
temperatureT because of the slow rate of energy transferlions to the system of equatiofs5)
between electrons and heavy particles caused by the large XY
mass disparity between the electrons and heavy particles. grad Xi:; #(ﬁdj_ ai), (8)

ij

WhereCpi and hia are the specific heat at constant pressure

B. Governing flow equations . . . .
where, for each specidsX; is the mole fractiony; is the

The three-dimensional axisymmetric ~compressiblemass fraction, an@;; is the diffusivity of the speciesinto
Navier-Stokes equations are solved for a multispecies gagne specieg. Here the contributions of thermal and pressure
including the effects of mass and forced diffusion and theryitfysions, which are generally small in comparison with the
mal conduction and viscosity, and are written as followsyags diffusion, are neglected.

[15]: Forced diffusion due to the presence of an electric field
op: also has to be considered. Electrons possess higher mobility
— +diV[pi(+ Pg) =i, i=1,..4, (1)  and diffuse faster than ions, leaving behind them an excess
at of positive charges. The electric field produced by this initial
charge separation tends toward a slowing down of the elec-
Ipv - trons and an acceleration of the ions. Thus the electric field
= +div(prv—PIl+7)=0, (2 affects the diffusion processes of the electrons and ions. The
electric force also acts on the charged particles and may sig-
nificantly change their energy. The rigorous treatment of the
JE, . . - problem of forced diffusion by an electric field requires a
ot HAV[Ear— (= Pal+ H)r+ )] =S,, ©) complex system of equatiori47]. Therefore, here we tend
to consider this effect approximately by introducing the am-
bipolar diffusion concepti.e., a small degree of charge sepa-
4) ration) for charged particleGonized atom and electrgpil7].
Ambipolar diffusion occurs when an electron pressure gradi-

JEe o
V[ Et Po) (7 Fgie)] =St Fe.
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ent exists in an ionized gas, but when there is not a great (27TmekTe)3/2 - U,

charge separatiofl7]. For low laser fluences, near the Kfa= kaaex T ) (16)
e e

plasma ignition threshold, a small degree of charge separa-

tion may be assumed. Because of the linking of the electrogyhere m, is the mass of the electrom, is the electronic

and ion diffusion by the electric field, an ambipolar diffusion gensity, U; is the ionization potential of the atom in the
coefficient is twice the value of an ionic diffusion coefficient ground state, and is the Boltzmann constanC, is the

[17]. The electric field ternf,, which appears in Eq4), is
given by[14,17.

Fe=(V+vgie)-grad Pg. (9

For the thermal conductivity of the mixturgl8], an ex-

three-body recombination rate constant given by

4m(2m)t? e
= N,
ba 9 mé/Z(kTe)g/Z e

17

wheree is the charge of the electron. The photorecombina-

tremely useful equation was given by Mason and Saxenggp, rateCs is

[18], and reported by Oran and Bofi$5],

-1
1.065
Am=2 N 1+ ——=2, n®P; , 10
m 2 i 2\/2_ni|;i k |k1 ( )
wheren, is the density of specids ®;, is given by
L+ (N N MM M) M2
JES ST s CUTL i an

[1+M; /M, ]V

and\; is the thermal conductivity of speciés
The viscosity of a gas mixture was given by WilKE9],

Mm:Z Mi

-1
: (12

V2
14— neey
4n; gi k®ik

where u; is the viscosity of the specigsn; andn, are the
densities of the specigsandk, respectively, and;, is ex-
pressed as
[+ (i ) YAM /M) 42
Pik= PN .
[1+M,/M;]*?

(13

A detailed description of the transport coefficieftisermal

Kip=2X 10" 1T, (18)
whereTg is in eV.
So the source terms of maeg in Egs. (1) are
w1=MNg[(C3+C3)ny—Cyny], (19
wa=MaNg[ —(C3+Cy)n+Cyny], (20
w3= wy(Mz/Imy), (21)
w,4=0, (22

wheren, is the neutral atom density,, is the ionized atom
density, andn;, is the mass of one atom of the spedies),

is given by the formulam;=M;/N,, where N, is the
Avogadro number.

The source term of energ$, in Eg. (3), obtained by
neutral atom and ion elastic collision exchange with elec-
trons, can be writtef16]

1

T i
Oei,

12 0
>

n
= (23
i#e Mg

S
Sa=3Rpe(Te—T) N
YIS

whereM, and M; are the molecular weight of the electron

conductivity and viscosity of the individual Si, Ar, and He and species, respectively.o; is the cross section for
gases, binary diffusionwhich are expressed as polynomial electron-speciesinteraction[21].

functions of the temperature, can be found in R2€].

C. Nonequilibrium ionization model

The source terms in Eg$2), (4), and (5) depend on the

The source term of enerdy, in Eq. (4), gained and lost
by electrons in elastic and nonelastic collisions, is given by
[9,14]

Se= _Sa+%(E* nzkba_uinlkfa_%kTekfb)- (24)

ionization and recombination rate constants which were
given by Zeldovich and Raizgd4], and were discussed in whereE* is the energy gained by the electron during a three
detail in Ref.[9]. The photoabsorption process is neglectedbody recombination reaction, and can be expressed as a func-
because for such ablation conditions the plasma plume is #on of electron density and temperatyfe14).

nonabsorbant mediuf®]. The following processes are con-
sidered to estimate the rate constanis) ionization of
ground state Si and three-body recombination into the
ground state,

D. Numerical integration

In order to describe the unsteady plasma evolution, the
Navier-Stokes equatiori§)—(5) are numerically solved with

Sil+e+8.1eV—Sill+e+e; (14)  the flux corrected transport algorithm LCPFCI7,22 for
the convective terms of these equations. This approach is
and (b) photorecombination into the ground state, coupled with a second-order finite volume method for inte-
grating the viscous ternj&3]. It is noted that the LCPFCT is
Sill+e—Sil+hvp. (15 a nonlinear monotone algorithm that is fourth order accurate

in phase. The integration is carried out by a two-step

The electron impact ionization ralg, is expressed as predictor-corrector procedure with diffusive and antidiffu-
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sive steps successively. The first step modifies the linear Distance (um)
properties of a high-order algorithm by adding diffusion dur- 12

ing convective transport to prevent dispersive ripples from

arising. The added diffusion is removed in an antidiffusion

step. The calculations maintain high-order accuracy without 10
requiring artificial viscosity to stabilize them. A detailed dis-
cussion of these numerical properties of the LCPFCT
method can be found in Ref22].

It is also acknowledged that in the viscous term integra-
tion, values of the diffusive fluxes at interfaces between grid
nodes are used. Their expressions were obtained from
second-order-centered approximations of primary variables
[15]. Recently, this numerical method was used to predict
mixing regimes in a spatially confined two-dimensional com-
pressible mixing layef24]. 2

A schematic diagram of the plasma plume expansion is
shown in Fig. 1. In order to reduce the total integration time, o
axisymetric(r, z) modeling is carried out. The axial distance 00 20 40 60 80 100 120 140
L, from the substrate is in the range 1.5—3 cm, and the radial Distance (um)
onel, from the symmetry axis is in the range 0.5-2.5 cm.
Depending on the computational time to be investigated,
andL, values are chosen to avoid interactions of the plasm
plume with the boundaries. The three-dimensional axisym
metric computational domain is meshed with uniform cell

size in ther andz direction. Slip-wall conditions are selected and 2b) for a silicon target irradiated with an ArF lasex (

at the top. No-slip-wall conditions are imposed on the right™ . . : :
and left of the computational cavity. The grid steps used for_ 193’(2\TV)HVI\\//II;[h flgulse dl(eratlon at fuIIdW|dt_:1 atf hf':_) r‘%am-
our calculations are about 20—2(. The time step used in mum 0 NS and an energy density of. %.5 Jicm

our calculations is about 162s. The profiles are given at the end_ of th(_a Ia_ser pulse. At the
inner edge of the plasma, the Si density is at a maximum
while the velocity is at a minimum. Next the density and the
Il RESULTS AND DISCUSSION temperature decrease monotonically while the velocity in-

A. Initial conditions for hydrodynamic modeling creases linearly. At this laser fluence of 1.5 ﬁ’pﬁdightly

he initial giti t the simulati d . dabove the plasma ignition threshale1.0 J/cnd) [2,12,13,
e e e S dhe meximum oizaon degree s aboul 0 6% Hoviever,a

. . . P . eﬁn irradiance of 2.4 J/chthe ionization is~9%, indicating

and velocity profiles are carried out from a one-dimensiona tronger plasma absorption during the laser pulse.

(1D) thermal model which accounts for the laser-Si solid Th X
. . . . ereafter, the background gas surrounding the plasma
target interaction25]. The 1D model incorporates the in- lume is assumed to be statice., no fluid velocity and at

verse bremsstrahlung absorption mechanism for vapor he 50m temperature 300 K. The background s He) pres-
ing through laser-beam-evaporated cloud interaction, thgure ranges from 100 m:rorr t0 a few Torr

condition of quasineutrality, and the local thermodynamic
equilibrium condition for ionization. The Saha equation is _ , .

used to evaluate ion densities. Typical initial density, tem-2- COmparison between Euler and Navier-Stokes computations
perature, and velocity profiles in tiedirection (cf. Fig. 1), We evaluated the effects of diffusion processes on the
perpendicular to the target surface, are shown in Fig®. 2 plume expansion by comparing Navier-Stokes to Euler

Velocity (10° cm/s)
N o0

N

FIG. 2. Initial density(a), temperaturda), and velocity(b) pro-
gles as a function of position resulting from the 1D thermal mod-
eling calculation at the end of the laser pulee FWHM is 15 n3
with a fluence of 1.5 J/cfn
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FIG. 3. Comparison of 2D results from Euler and Navier-Stokes G- 4. Results of a 2D Navier-Stokes gas dynamics calculation
gas dynamics calculations, with a laser fluence of 1.5 3 400 with a laser fluence of 1.5 J/énand 400 mTorr of Ar: profiles of

mTorr of Ar: profiles of Si density as a function gfposition and at temp(_e_rature{a) and Si densityb) as a function of time at different
timest=0.12us (a) andt=1.1us (b). Z positions.

model results. Figures(® and 3b) show the density profile
of Si neutral atoms along the symmetric axis att
=0.12us [Fig. 3@] and t=1.1us [Fig. 3b)], resulting
from the two computations. The modeling conditions were a
follows: at a laser fluence of 1.5 J/énthere was 400 mTorr

and are significantly increased while the mean velocity of the
plume is dramatically decreased behind the expanding front
because of the rarefied plume-background-gas interaction.
The difference between Euler and Navier-Stokes computa-
Sions becomes more and more pronounced for longer expan-

of Ar. At the early expansion stagé=0.12us), the Si den-

sity profiles provided by the two models are similar. The
results show that the convective-mixing regime dominate
during the first expansion stage. It may be concluded that
Euler computation which is less complicated than a Navier
Stokes computation can adequately describe the dynam
phenomena, at least during the first expansion stage

<200ns), in which the background gas is “snow plowed”

sion times. We also found a similar trend with other simu-
lated plume parametergtemperature, velocily Thus it
validates our attempt to use the Navier-Stokes computation

10 obtain a more accurate description of the plume expansion
nto background gas. For example, the Navier-Stokes model

Imakes it possible to calculate the diffusion velocities of the
ifferent species, which is not the case for the Euler model,
here all the species have the same fluid velocity. In the next

sections only the results of Navier-Stokes modeling will be

and mixed with the leading edge of the plume. At a Iaterpresented and discussed.

expansion stagit=1.1us; Fig. 3b)], the Si density is ap-
proximately 10% higher in the Navier-Stokes model for o
shorter distancesz& 0.4 cm), while for longer distanceg ( C. Plume expansion into background gas

>0.6cm) the densities determined by the two models are Figures 4a) and 4b) show the evolution of the density of
quite similar. This indicates that diffusion effects are signifi- Si atoms and the temperature at different distazdesm the
cant behind the expanding front, and less so in the expandingrget, respectively. The modeling conditions were as fol-
front (0.6<z<0.8cm). This is probably due to the fact that lows: a laser fluence of 1.5 J/érand 400 mTorr of Ar. At
the diffusion velocities of Si and Ar atoms are negligible in z=1 mm, the peak of the Si density (30" atoms/crm)
comparison with the high velocity of the expanding front, already has a much smaller val(e factor of ~ 250) than
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FIG. 5. Results of a 2D Navier-Stokes gas dynamics calculation
with a laser fluence of 1.5 J/énand 400 mTorr of Ar: profiles of
mass fraction of Si and Ar as functions of thgosition along the
symmetryZ axis and at time$=0.12us (a) andt=1.1us (b).

that of the maximum density observed at the inner edge of
the plasma at= 0 (the end of the laser pulsgsee Fig. 29)].
Then this maximum of the Si density has both a time and
space exponential decrease owing to the very rapid Si plasma
expansion. At 0.8s and at a distance up to 4 mm, the Si
density is quite homogeneous- @ x 10*°atoms/crm), and is
now lower than the Ar density of 400 mTorr (1.4

X 10'®atoms/cm). The peaks of the temperatut@1 000,

17 000, and 8000 Kat distances of 1, 3, and 5 mm, respec-
tively [Fig. 4(b)] are essentially due to the shock heating at
the contact front between the Si plasma plume and the Ar
gas. Note that at=0 (the end of the laser pulsehe maxi-
mum temperature is-7000 K[Fig. 2(b)]. This means that a
considerable part of the kinetic energy is converted into in-

50
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FIG. 6. Results of a 2D Navier-Stokes gas dynamics calculation

ternal energy as a result Of Shock heat|ng Phys|ca”y’ |t |§V|th a laser fluence of 1.5 J/(?rﬂnd 400 mTorr of Ar: time eyolu-
clear that the principal role in the mechanism of shock COm_tlon_(_)f the electrons and heavy-particles temperature at diffarent
pression is determined by a viscosity phenomenon ratheiositions, 1 and 3 mrte) and, 5 and 7 mnb).

than by heat conductidri4]. The viscous mechanism causes

the scattering of the directed momentum of the plasmas from z=0.2 to 0.3 cm. At this early time, some Ar atoms
plume, and the conversion of the kinetic energy of theescape from the mixing zone, and begin to move through the
forward-directed motion into kinetic energy of random mo- Sj plasma plume 2<0.2cm). At a later timet=1.1us),

tion, i.e., the conversion of mechanical energy into heat. Onhe mixing zone vanishes, and the Si and Ar gases become a
the other hand, heat conduction indirectly affects the convemearly perfect mixture as a result of mass diffusion.

sion of mechanical energy because of the redistribution of At the beginning of the plasma expansion and close to the
pressure. As in a cooling process, the exponential diminutiogurface(initial conditions, the temperatures of electrons and

of the temperature is in good agreement with experimentahdtoms are assumed to be equal as a consequence of local

observation[12]. Forz=5 mm and at 0.6us, the shock in-

thermodynamic equilibrium conditions during the laser

tensity is diminished significantly with a decrease in thepulse. However, since a two-temperature approdctand

maximum temperature of about 8000 [Kig. 4(b)]. At a

To) is used in our modeling because of the nonequilibrium

longer distance=7 mm the temperature distribution exhib- ionization hypothesis, it is interesting to compare their space
its no peak because of the vanished shock intensity, and thend time evolution as well as the degree of ionization.

temperature is decrease slowly below 3500 K for
>1.2us.

Figures 6a) and 6b) show the temporal evolution of the
temperature of the electrons and the heavy-particle tempera-

Figures %a) and §b) show simulated mass fractions of Si tures at different distancesfrom the target. The modeling

and Ar along the symmetriZ axis, att=0.12 and 1.1us

conditions are a laser fluence of 2.4 Jfcand 400 mTorr of

respectively. The modeling conditions are the same as foAr. At a distance of 1 mm, the electron temperature is lower
Figs. 3 and 4. At the early stage of the plasma expansiothan that of the heavy particle in the shock front, which is

(t=0.12us), Ar gas is mixed with the leading edge of the Sirepresented by the peak of the temperature evolution. Be-
plume at the contact fronz& 0.3 cm), and the mixing layer tween 3[Fig. 6(@] and 5 mm[Fig. 6(b)], the electron and
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S 700 mTorr.
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iy 30+ — 3mm below 0, 12% and 2.5% at late expansion times for laser
g § 0 e 6 mm fluences of 1.5 and 2.4 J/énrespectively.
§ 201
g ‘ D. Influence of background gas pressure and nature
” “ PLD of Siinto Ar and He gases has been commonly used
to produce Si nanostructur€gqg. (2)]. Thus it is interesting
HLis to investigate the influence of the nature and pressure of the
ol == : Y z background gas on plasma expansion behavior. Figure 8
00 05 10 15 20 25 shows the simulated Si density profile along the symmetry
Time( ps) axisZ att=2.4us, and, for a laser fluence of 2.4 J/GM00

FIG. 7. Initial ionization degree profiles as a function of time e Th‘? Increasing S.' densily near the
and at different positions resulting from the 1D thermal modeling _tarQEt surfacez(<0.2_cm) with the Incréasing pressure of Ar
calculation at the end of the laser pulsee FWHM is 15 ngwith |nd|cate_s that the Si atoms of the_rarefled plume are essen-
laser fluences of 1.5 J/éfia) and 2.4 J/cr (b). tially driven by the backward-moving Ar gas as a result of

mass diffusion; the backward motion of Si atoms becomes
heavy-particle temperatures are approximately equal in thenore significant with increasing Ar pressure. The splitting of
shock front. However, the cooling mechanism is faster forthe Si plume(i.e., two maximum densiti¢sis more pro-
the heavy particles than for the electrons. At a distance of hounced with 700 mTorr of Ar than with 400 mTorr. The
mm from the target surfacel, is globally higher thanT ~ numerical results obtained are in good agreement with ex-
owing to the weakness of the shock front at this locationperimental results, indicating a significant deposition in-
The differences between the two temperatures at any locatiorrease of Si particles around the laser spot when the Ar pres-
are still great at a later time expansion stage 2 us). The  sure is increasef®2].
slow decrease in electron temperature behind the compres- Figure 9 shows the calculated heavy-particle temperature
sion shock compared to that of the heavy particle may beas a function of time at=5 mm and for the same conditions
explained by processes such as three body recombinatioas in Fig. 8. The temperature of heavy particles at 700 mTorr
which dominate whef, decreasefl4]. is a factor of3 lower than at 400 mTorr of Ar, as a result of

Figures Ta) and 1b) show the degree of ionization as a the increasing collision frequency of the Si plume with the
function of time for different distances from the target, andcold background gas. A similar trend is also found for He
with 400 mTorr of Ar. For a laser fluence of 1.5 J/cemd at ~ gas.
z=1mm [Fig. 7(@)], the simulated fractional ionization Figure 10 shows a comparison of the Si density profile
peaks at 0.16%. Like the electron temperature, the ionizatioalong the symmetry axig at t=1 us between a plasma
degree decreases exponentially with the expansion time axpansion in Ar or He at a pressure of 700 mTorr and a laser
result of the recombination process. For a high laser fluencBuence of 2.4 J/cf The mean velocity of the Si plume is
of 2.4 Jlcnf and atz=2 mm[Fig. 7(b)], the simulated frac- higher in He than in Ar, and the backward motion of the Si
tional ionization peaks at35% as a result of shock heating plume is less significant in He than in Ar. Figure 11 shows
(thermal ionization These ionization peaks appear at thethe temporal distribution of the temperature of heavy par-
same time as the electron density peaks, and are located ficles atz=4 mm. The modeling conditions are the same as
the compressed zone. However, it is noted that the ionizatiom Fig. 10. The temperature with 700 mTorr of Ar is three
degree falls off dramatically after the shock heating, and it igimes as high as with 700 mTorr of He. The difference in the
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FIG. 11. Results of a 2D Navier-Stokes gas dynamics calcula-
Time (us) tion with a laser fluence of 2.4 J/énat z=5 mm: Si density pro-
files as a function of time for 700 mTorr of Ar and He.
FIG. 9. Results of a 2D Navier-Stokes gas dynamics calculation

with a laser fluence of 2.4 J/énatz=5 mm: profiles of the heavy ture is significantly below 1000 K for>10us. The spatial
particle temperature as a function of time for Ar pressures of 400y, temporal evolution of the temperature and density are of
and 700 mTorr. great interest, as these paramef¢esperature and densjty
would be useful to gain a better understanding of the forma-
temperature and velocity of Si atoms between the Ar and Héion of atomic and molecular species.
cases is due essentially to the mass gradient, which signifi- Figure 13 shows the simulated time of fligitOF) of Si
cantly affects the conversion of kinetic energy of the Siatoms and ions compared with experimental data, which
plume into heat as a result of a compression shock. A quarwere obtained with a laser fluence of 2.4 Faand for 400
titative description of the key role of the background gasmTorr of Ar. For shorter distancgs<5 mm), the simulated
type and pressure is of great interest to optimize the PLRime of flight of Si neutral atoms is in good agreement with

process. experimental data. The discrepancies between calculations
and experimental data become more pronounced at longer
E. Comparison of modeling to LIF and TOF results distanceg>6 mm). This is probably due to chemical pro-

The temporal distribution of the heavy-particle tempera-.cesses such as clustering which may occur more significantly

ture atz=1.5cm is simulated to be compared to experimen-m the last expansion stage. An important question is whether
tal data obtained by the LIF technig[&2], as shown in Fig, the ambipolar diffusion concefiie., forced diffusion con-

12. The modeling conditions are as follows: a laser fluenc sidered in th_e modell can adequat.ely Qescribe the experimen-
ofé.4 3/erd. and 400 and 1250 mTorr of He.'ln good agree-?al observatlpn of |on.a'ccelerat|0n in the Iqst expansion
ment with éxperimental data, the simulated temperature O?tage'. E.xper'|mentally, itis observed that the ion expansion

”» . ~ .~ “velocity is twice as fast as that of the neutral atom, as shown
the atoms decreases exponentially with the expansion time

L : il Fig. 13. The simulated ion velocity is only 5% faster than
aresult of mixing with the background gas, and the temperat-he simulated atom velocity as a result of ambipolar diffu-
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FIG. 12. Comparison of calculated and experimental profiles
FIG. 10. Results of a 2D Navier-Stokes gas dynamics calculaebtained by the LIF technique of heavy particle temperature at
tion with a laser fluence of 2.4 J/émtt=1 us: Si density profiles =1.5cm as a function of time, for a laser fluence of 2.4 §/and
as a function of the position for 700 mTorr of Ar and He. background pressures of 400 and 1250 mTorr of He.
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24 gas are treated as a compressible fluid. The hydrodynamic
22} v Si"Experiment model is set up with four speciéSii, Siil, Ari, ande). The
2,0} Si Simulation 3 model incorporates the nonequilibrium condition for ioniza-
|.g[ o Si* Simulation . tion and, for the first time, to our knowledge, various diffu-
= Si Experiment . . . ;
1.6 F—o— Shock front Simulation = smnprocesseéma_mss and ambipolar diffusion, thermal con-
14 [ duction, and viscosily We use a two-temperature
g Ll approximation (he.avy-particle temperature, .electrop te.m-
é Lol perature_to describe the _plasma. The amb|polar_d|ff95|on
S concept is tested to describe the effect of forced diffusion by
08r the electric field, which is assumed to cause the ion accelera-
06 tion process in the plasma expansion. We solve the three-
04r dimensional axisymmetric compressible Navier-Stokes equa-
02r tions for a multispecies gas with thermal conduction, mass,
0.0 L L ' L forced diffusion, and viscosity in addition to convection.

0 2 4 6 8 10

Distance (cm) The effects of diffusion processes are evaluated by com-

paring the solutions of the full set of Navier-Stokes equations
FIG. 13. Comparison of calculated and experimental time-of-that contain convection, thermal conduction, viscosity, mass,
flight (TOF) data of Si atoms and ions for a laser fluence of 2.4and forced diffusion to the Euler solutions obtained by solv-
Jicnt, and a background pressure of 400 mTorr of Ar. ing only the convection. It is demonstrated that diffusion
processes are only important in the last expansion stage, and

sion. The simulated values of the ion TOF are far from being?'€ |€ss significant in the first stage. Therefore, a Euler com-
satisfactory. We also note from our modeling study that for dPutation which is less complicated than a Navier-Stokes

laser fluence of 1.5 J/cinslightly above the silicon plasma COmputation can adequately describe the early stage of
ignition threshold(1 J/cn?), the lack of agreement still ex- Plasma expansion into background gas. Despite a number of
ists. So the ambipolar diffusion concept cannot adequatel§imPplifications in the model, it is possible to simulate ad-

describe the ion dynamics because of the possible small dgdquately the overall plasma expansion behavior—such as the
gree of charge separation in the plume. Thus charge separdlXing zone evolution, the temperature, and the density evo-
tion phenomena may be very strong in the plasma p|umé,UtI0f) of the plasma plume—into the bac_kgrounq gas. The

and have to be treated rigorously in the numerical model. Ifarefied plasma plume—background gas interaction leads to
addition, the shock front expansion is also compared with th& Packward movement including both the plume species and

dynamics of the speciesee Fig. 18 The shock front ve- background gas as a result of mass_diffusion. There is a
locity is approximately twice as fast as the neutral atom ve marked difference between heavy-particle and electron tem-

locity. Thus the majority of neutral atoms move far behind peratures, indiqating a persistent Iac!< of equilibrium between
the shock wave. the heavy particle and the electron in the plasma plume ex-

The velocity of the shock fror(simulated and of the ions ~ Pansion. The numer_lcal results are applied successfully to Si
(TOF measurementsindicates that ion dynamics are Neutral atom dynamics. However, our attempt to use the am-
strongly correlated with the shock front expansion. An ex-bipolar diffusion concept to describe the ion dynamics was

planation of this behavior may be that fast electrons acceleinsuccessful, since the calculated ion velocity is slightly
ate ions behind the shock front. greater(5%) than the neutral atom velocity, whereas the ex-

perimental ion velocity is twice as fast as the neutral atom
value. Thus charge separation phenomena may be very
strong in the plasma plume, and have to be treated rigorously

The details of physical phenomena involving laser-in the numerical model. We also outline the strong correla-
induced Si plasma expansion into Ar and He gases is cortion of the shock front expansion with ion dynamics. A quan-
sidered after the end of a laser pulse of an excimer l@ser titative prediction of the critical influence of the background
ArF of 193 nm at a fluence range of 1.5-2.4 Jferithis is  gas type(Ar, He) and pressure is demonstrated. Thus it is
high enough to provide a good supply of singly ionized Si,quite possible to control “the plasma plume expansion” by
while avoiding higher ionization states. The backgroundonly varying the background gas paramet@ressure, type
pressure is investigated in the range of a few hundred mToriThe extension of the applicability of the model to the case of
A hydrodynamic multispecies gas model simulating the in-Si dimer formation in the gas phase is also underway, to gain
volved processes is proposed. The plasma and backgroumadbetter understanding of the clustering process.

IV. SUMMARY AND CONCLUSION
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