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Abstract. A hybrid type direct simulation Monte Carlo (DSMC) method snapplied to a one-dimensional electrostatic
plasma in Argon/Nitrogen mixtures to simulate neutral ammltransport in a radial symmetric inductively coupled plas
The ambi-polar electrostatic field obtained from the meadyrlasma density profile was imposed in the simulation.-Elec
trons were treated as background particles with measuestir@h density and temperature profiles. Electron-ion Gobl
collisions, electron-neutral elastic collisions, iondtral elastic collisions, ion-nuetral charge exchangetna-neutral elastic
collisions, and dissociation were included in the simolatiThe inductively coupled plasma (&%N) that was simulated
was characterized by the following propertiegy p= 10 [mTort, Te~ 2.5 [eV], ne ~ 6-107 [m~3], KIN ~ Ay /R ~ 0.05,
K,’}‘N ~ ANn/R ~ 1073 R=0.18 [m]. Neutral gas depletion observed in both the émmart and simulation is in excellent
agreement and indicates that gas heating and the requiesdyse balance is responsible. The gas heating is mainly due
to ion-neutral collisions with the ions accelerated by thebapolar electric field and neutral collisions with Fra@lendon
dissociated atoms. In the high density plasma so(fge~ 2 ~ 5[eV], ne ~ 1 ~ 10- 107 [m~9]), the plasma pressure be-
comes comparable to neutral pressure. Total pressurgghpressure and plasma pressure) is conserved beforetanthaf
discharge. Therefore the neutral pressure is reduced éugathnce of total pressure with plasma pressure (maintyrete
pressure). No effects of plasma pumping was observed iarditle experiment or simulation.
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INTRODUCTION

In plasma etching with an inductively coupled plasma (IGf&ytrals are often assumed to be at room temperature
and at constant density, but both temperature and dengigtiea of neutrals have been observed and simulated in
low temperature plasma. Variation in the neutral radicalsity profile can influence processing uniformity; however
there have been few systematic studies of the mechanisnh\eaids to non-uniform neutral distribution in processing
plasmas.

Hori [1] and Lee [2] measured neutral density profile and daahed that neutral depletion occurs due to neutral gas
heating under the assumption of uniform pressure and idealagv. Meanwhile Tynan [3, 4] and Yun [5] measured
neutral pressure profile and concluded that that neutraétiep occurs due to plasma pumping under the assumption
of isothermal neutral and ideal gas law. Theoretical stddyrochtman [6] showed that the neutral depletion occurred
due to the neutral and plasma pressure balance. The autemvel that the neutral gas depletion occurred mainly due
to the neutral gas heating. There exists at least three misths.(plasma pumping, gas heating and pressure balance)
to explain the neutral gas depletion. The central themeisfésearch is to develop a numerical tool to understand the
leading mechanism of the neutral gas depletion.

The direct simulation Monte Carlo (DSMC) method was choserttis research. Since the ionization fraction in
this high density plasma is about one percent or less, therityapf species are neutrals. The Knudsen number of
neutrals in the high density plasma i§'- Aj /R ~ 0.05, KNN ~ Ayn/R ~ 1073, the condition of typical plasma
processing. Therefore, the kinetic Monte Carlo treatmé&neatrals is required in such a rarefied system.
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FIGURE 1. (a)Measured radial electron density profile (solid circksd fit to electron density profile (solid line) with zeroth
order Bessel's function (b) Measured radial electron textuee (solid circles) and plasma potential (open circlesfile in
Ar/5%N, mixture, gy = 10mTorr and Bg = 2000W (c) Ambipolar electrostatic field profile calcuateatfrfit of electron density
profile, and pre-sheath electrostatic field within one meae path from wall.

SIMULATION

General consideration

Neutral and ion transport phenomena were simulated by aichyyge direct simulation Monte Carlo (DSMC)
method for a one-dimensional (1D) electrostatic plasma[®, 10] in Ar/N, mixtures. Only ions are affected by
this electrostatic field since ion motion is mobility domi@é and electron motion is determined by the Boltzmann
equilibrium. Electrons were treated as background pasialith measured electron density profile and electron tem-
perature profile as shown in fig. 1. Electron-ion Coulombisiglh, ion-ion Coulomb collision, electron-neutral elast
collision, ion-neutral elastic collision, ion-neutralarye exchange, neutral-neutral elastic collision andodiation
were considered in the simulation.

The simulation length R is 0.18 [m], which is the radius of l6® chamber. The cell siz& and the time stept

were set to b@&x ~ @ andAt ~ é ~ ﬁ"th, whereAmsp is the mean free path of a particieis the mean time to travel

one cell width, and  is the thermal velocity. The mean free mathy, of a neutral and an ion is abou0~ 1cm for
the condition of the experiment (Ar plasmaj p= 10 [mTorr, Te ~ 3 [eV], Ne ~ 5- 10" [m_3], Kir']\l ~ Ain/R ~ 0.05,
KNN ~ Ann/R ~ 1073). Therefore, the simulation length R was divided into 106aeith the cell sizeAx = 1.8]mm,
and the time stefit was chosen to bat ~ 5- 107 [. The simulation provides the radial distribution of gasgey

in a one-dimentional cylindrical geometry. The sheath Wwidt smaller than the cell width, therefore the sheath is
neglected in this simulation.

Electrostatic field

Since electrons were treated as the background partictesisimulation, both electric and magnetic fields can not
be obtained self-consistently. The ambi-polar electtast@ld can be obtained from the plasma density profile under
the assumption of isothermal plasma and non-equilibrivmsmpl & > T; [11, 12]. The plasma density profile was
measured and fit to the zeroth order Bessel's function tambia ambi-polar electrostatic field as shown in fig. 1 (a).
The ambi-polar electrostatic field obtained from measutadmpa density profile was used in the simulation, and the
pre-sheath electrostatic field was introduced within onamfece path length from wall in order to satisfy the Bohm
sheath criterion [13, 14]. lons follow the electrostati¢ddiand gain energy. The ambi-polar electrostatic field was th
order of 10[%], but the calculated pre-sheath electrostatic field becamertler of 18] Y] as shown in fig. 1 (c).



Initial condition/Boundary condition

About 20000 simulation particles were introduced in thisidation, and the majority of simulation particles were
set to be neutral particles depending on the ionizatiortiracThe weighting factor was used to treat small number
of species (ex. ions). The measured plasma density profdeusad as the initial radial ion density profile, whereas
initial neutral density profile was uniform. Both neutraldaion temperature were initially set at the room tempera-
ture (To(t = 0,x) ~ Ti(t = 0,x) ~ 300[K]), and the initial velocities ((t = 0),vy(t=0),v;(t = 0)) were generated
according to the Maxwellian distribution at the room tengtere.

The inner boundary at x=0 [m] was treated as specular refle¢t simulate a plane of symmetry. The outer
boundary at x=R=0.18 [m] was treated as diffusive reflectibine wall temperature was set tqy ~ 350[K],
velocities off the wall were generated according to the Melkan distribution at F ~ 350[K]. All the ions that
hit the wall were reflected as neutrals, which simulated théase recombination. The ions that hit the wall with
probability of a (the thermal accommodation coefficient) were reflected agrals with velocities off the wall
generated according to a Maxwellian distribution withaf~ 350[K] and remaining ions (% a) were specular
reflected. In order to keep the plasma density constant isithelation, the same number of neutrals were randomly
ionized to become ions in the bulk, which corresponds toweltiic ionization. With the final position of the ion before
hitting the wall, the electrostatic field and wall potentihle radial velocity of the ion at the wall can be calculated.

Mass flow rate/Pumping

In the experiment, there is a mass flow inlet as the partiadlecgoand there is also mechanical pumping as the
particle sink. The particle source is set by the mass flow(satiimetric flow rate) of a mass flow controller, whereas
the particle sink is controlled by a throttle valve keepihg pumping speed constant. While the input volumetric
flow rate remains constant, the output volumetric flow ratangfes with the pressure of the chamber. When the
plasma discharge is turned on, the neutral pressure Ipitidreases as the neutral gas temperature rises. Theyefor
the output volumetric flow rate increases and pumps morecutds, then the neutral pressure decreases to the fill
pressure. To simulate this mechanism a number of partitiggavall are removed and the same number of particle
are introduced randomly in position and with velocity cédted according to the Maxwellian distribution at room
temperature Ja; ~ 300[K]. When the neutral pressure at the wall increases abovelthesfilsure with the discharge
on, the number of particles pumped away increases keepengumber of particles introduced constant and keeping
the neutral pressure at the wall constant [15].

Collisionless motion

The equation of motion for each simulation particle waswaled in each time stefst [7],

vi(t+ At) = vi(t) +a(x)At 1)

Xi(t+At) = x(t) + vi(t)At (2)
wherex; (t) andyv;(t) are the position and velocity of simulation particlet time t. The acceleration teraix) is zero
for neutral and becomexx) = % for ion, where e is the charge, M is the ion mass, Biixl) is the electrostatic

field at the particle position x. Bluk electrostatic field dweambipolar diffusion (€ >> T;) was calculated by the
measured plasma density profile. The measured electroitydesms fit with the zeroth order Bessel’s function.
XX

Ne(X) = Jo(ﬁ) 3)

wherey ~ 2.405 Jo(%) are the zeroth order Bessel’s function.

Te One

Eambipolar (x) = e n—e 4)

The electrostatic field used in the simulation is shown inJigrhe change i®; andv; due to the above equation of
motion are considered as the collisionless motion.



1000 r T r 410* r T r 20

(b) © anrd
Ft=0 fmsec] t=12 [msec] :‘WWM

>4, 158 o
..’ d =6 [msec] *M'k
2’ 1=30 [ms: oot
cormeed v L s g
< P P VP = e, o 1= I
e =12 s £ 10w
) ———ty e S
5 g £
et [msec] / o [ 121200 [msec]

-
i 12300 [msec] -
20 | o i

0 0.05 0.1 0.15 0 0.05 0.1 0.15 0 0.05 0.1 0.15
r [m] r [m] r [m]

FIGURE 2. Simulation convergence to the steady state (a): Neutrgdéeature profile, (b): Neutral density profile, (c): Neutral
pressure profile, t=0,6,12,30,300,1200 [msec]

Collisions

Electron-ion Coulomb collision, ion-ion Coulomb collisipelectron-neutral elastic collision, ion-neutral dlast
collision, ion-neutral charge exchange, neutral-newaastic collision, and dissociation were considered insiheu-
lation. Electrons were treated as background particlds m@asured electron density profile and electron temperatur
profile. Electron-electron Coulomb collisions and indlasbllisions of neutrals with electrons are neglected ia th
simulation. Also all the collisions with meta stable atonergvneglected.

All collision algorithms used in this simulation are debexl in detail by Bird [7] and Nanbu [9], and collisions
are taken place in each cell. In general, the collision podibais calculated for each collision pair with its rebei
velocity. A rejection/acceptance method using a randombarmwas used to decide whether the collision actually
occurs or not. After each collision, the post-collisionogties were calculated and the pre-collision velocitiesev
replaced by the post-collision velocities.

For the short-range collision beweeen the same species) (k& Variable Hard Sphere (VHS) model was used
[7]. VHS model is a very efficient way to treat a collision withe differential cross sectioa for an inverse-power-
potential. The differential cross section is energy dependvhile the scattering angle is not energy dependent.

For the short-range collision between different specid¢, @-N), the Hard Sphere (HS) model was used [9]. The
HS model is a simpler version of the VHS model, which treatistons as two hard spheres. The differential cross
section is not energy dependent. While the scattering d@aglet energy dependent for i-N collision, the scattering
angle is energy dependent for e-N collision.

For the long-range Coulomb collision (e-i, i-i), Nanbu'stimed of treating cumulative short-angle collision as one
large-angle collision was used [9]. Unlike other collisedgorithm, this method does not use the collision probibili
The time stepAt plays a role in determining the scattering angleCoulomb collisions can be calculated very
efficiently since this method treats many short-angle siolfis as one large-angle collision.

lonization/Surface recombination

In the discharge plasma, the electron temperature andtgerasi be obtained from the particle balance equation
and power balance equation respectively [11]. In this sitioth the electron temperature and density were set as input
parameters, but the particle balance between the volumetization and surface recombination have to be satisfied.
Therefore, the volumetric ionization rate g, = nenn < ov > V) was set equal to the surface recombination rate
at the wall (Ryrrec = NsUsohmA). loNns incident upon the wall become neutrals with the woities according to the
Maxwellian distribution with wall temperaturgy ~ 350[K]. Neutrals were ionized randomly in the bulk and then
become ions with the same velocities.



Gas Mixture/Dissociation

In previous research on the ICP [16, 17] the spatial profiferentral gas temperature, pressure, and density
were obtained in Af5%N, mixture, gy = 10mTorr and B = 2000W. Even for a few percent ionization fraction
significant neutral heating by the dissociated Frank-Caratom (N atom) is expected. Therefore, the gas mixture
and dissociation have to be included in the simulation to manm® with previously measured experimental results.
The dissociation atom is introduced with the Frank-Condwergy of AERc ~ 4 [eV] at a fixed rate since the electron
impact dissociation ratedgs= nenn, < 0V >giss Of Nitrogen can be calculated with the given electron terapge
and density [18, 19].

INITIAL SIMULATION RESULTS

Simulation Convergence

In fig. 2, the simulation convergence to the steady state (12630, 300, 1200 [msec]) was shown for neutral
temperature, pressure, and density profiles. Fig. 2 (a) shbat neutrals were initially heated close to the wall
via elastic/charge exchange collision with ions which waceelerated by the ambipolar electric field. Then heat
is diffused toward the center of plasma. Fig. 2 (b) shows tieitral density was decreased due to the neutral
temperature increase. Fig. 2 (c) shows that neutral presgas initially increased and then was decreased due to
the wall pumping. The gas heating process is faster thanuimpimg process, therefore the neutral pressure is initiall
increased due to the gas heating and then was decreasedde&val pumping. The total number of neutral particles
was significantly reduced by the wall pumping to keep the réptessure at the wall at the fill pressure. The neutral
pressure convergence was the slowest process. When thalmressure at the wall equals the fill pressure, both
neutral temperature and density reach the steady state.

Comparison of Numerical and Experimental Results

Fig. 3 shows the comparison of numerical and experimensailt®for neutral temperature, neutral pressure and
neutral density. The spatial variation of neutral gas temaoee, pressure, and density were measured at the canditio
Ar /5%N, mixture gy = 10mTorr and Be = 2000W in the inductively coupled plasma (ICP) [16, 17]. Thaesma
source consists of a 100-mm-diameter Pyrex belljar sudediby a double loop antenna that is driven at 13.56 MHz.
The rf power is coupled to the antenna via a feed back coattatlatching network capable of driving the antenna over
a wide range of process gases and rf powers. This belljarlatelgssembly are located at the top of 350-mm-diameter
and 400 mm high anodized aluminum reaction chamber. ThevWolly input parameters were used in the simulation
Te~25[eV], ne~6-10 [cm~3], a ~ 0.8 for the condition AY5%N, plasma: g = 10 [mTort].

Fig. 3 (a) plots the simulated neutral temperature and ioTptgature profiles along with the measured neutral
temperature profile. The rotational temperature was medsfrom second positive band of Nitrogen molecule
(v',v")=(0,2) at 380 nm. lon temperature at the center obpta is the same as that of neutrglXl= 0) ~ Tp(x = 0),
and then ion temperature increases toward the wall due tadbeleration via the ambi-polar electric field and the
collision with neutrals. The ion temperature reachgg £ R) ~ 6000K].

Fig. 3 (b) shows the simulated neutral pressure, total preselectron pressure, experimental neutral pressure,
experimental total pressure, and experimental electresspire. The neutral pressure is decreased due to the gressur
balance with plasma pressure (mainly electron pressungjegsure probe was used to measure the total pressure with
a thermal transpiration correction [17]. The neutral pnessvas obtained from the measured total pressure and the
electron pressure which is the product of the measuredrefedensity and temperature profiles in fig. 1 (a) and (b).

Fig. 3 (c) shows the simulated neutral density, and experiatieeutral density. The measured neutral density
profile was obtained from the measured neutral temperatut@autral pressure with the assumption of ideal gas law
(p~nT).

The excellent agreement between experiment and simulatamnobtained for all neutral temperature, neutral
pressure, and neutral density profiles.
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FIGURE 3. Comparison of Numerical and experimental results (a): Nétemperature profile: the rotational temperature from
second positive band of Nitrogen molecule (v',v")=(0,2)3&0 nm (large solid circles). Simulation neutral tempemtismall
solid circles) and simulation ion temperature (small opiecies) (b): Neutral pressure profile: Simulation neutnagsure (small
solid circles), simulation total pressure (small openlesBfand simulation electron pressure (small open trijgegerimental
neutral pressure (large solid circles), experimental fwessure (large open circles) and experimental electresspre (large open
triagles). (c): Neutral density profile: Simulation nelitansity (small solid circles), and experimental neutexiglty (large solid
circles) All are in the condition A5%N, mixture. gy = 10[mTorr] and Rkg = 2000W.

CONCLUSION

A hybrid type direct simulation Monte Carlo (DSMC) method Boone-dimensional (1D) electrostatic plasma was
developed to understand the leading mechanism of the hgasalepletion. The impact of the neutral depletion and
the coupling between plasma and neutral gas were studie@aklywionized unmagnetized plasma. The excellent
agreement between experiment and simulation reveals #sahgating and pressure balance are main mechanisms
of gas depletion in an inductively coupled plasma. At thehhdgnsity plasma, where the plasma pressure becomes
comparable to the fill pressure, significant neutral demhaticcurs not only by gas heating but also by pressure balance
The resulting gas depletion enhances the plasma trangptretsurrounding wall, increases the particle loss, and
decreases the plasma density.
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