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An implicit 2D3V PIC/MCC code has been developed for the kinetic simulation of low pressure RF discharges.
The code uses coupled particle-in-cell method (PIC) for calculation collisionless dynamic of the plasma particles
and Monte-Carlo method (MCC) for taking in account the particle collisions. For the computation time reduction a
number of physical and numerical methods of speeding up the code were introduced, such as the implicit schemes of
the particles motion and fields computation, the electron sub-cycling and so on. The developed code is applied to the
plasma dynamic investigation in capacitively coupled plasma RF discharge enhanced by the external magnetic field

which is used in the neutral loop discharges (NLD).
PACS: 52.65.Rr; 52.80.Pi

INTRODUCTION

RF discharges at low pressures, such as capacitively
coupled plasmas (CCP), have played important roles as
etching and deposition devices in semiconductor
industry, as well as in some other applications, such as
plasma lighting, displays and Hall thrusters. Computer
simulation is an important tool, which helps to clarify its
physical mechanisms. There are three commonly used
simulation techniques, namely, the fluid, Particle-in-cell
(PIC), and Boltzmann models in plasma physics
research. PIC model solves the Newton and Maxwell
equations directly. Kinetic, non-local and non-
equilibrium effects can be included. PIC simulations of
RF discharges are attractive because the fields and
energy distributions can be obtained self-consistently
from first principles. No assumptions need be made
about the electric field or the bulk plasma velocity
distributions, and the boundary conditions are realistic
for both particles and fields. Collisions can be included
in PIC simulations by coupling PIC methods with
Monte-Carlo collisions (MCC). A detailed reference for
PIC-MCC is provided in [1]. But PIC-MCC has a
considerable disadvantage. It is computationally
expensive compared to other numerical methods.
Plasma simulations using fluid models run faster than
PIC-MCC codes, but make assumptions about the
velocity distributions of the electrons and ions and
ignore kinetic effects such as stochastic electron
heating. To keep the first-principle and self-consistent
approach of PIC-MCC model while reducing execution
time, the implicit 2D3V code was developed in
axisymmetric geometry by introducing several
numerical schemes. Then the code is applied to the
plasma dynamic investigation in capacitively coupled
plasma RF discharge enhanced by the external magnetic
field which is used in the neutral loop discharges (NLD.

CODE DESCRIPTION

Numerous methods for speeding up PIC-MCC codes
have been published in detail and widely applied, but
usually one at a time (see, for example, [2]). In the
developed code several speedup methods have been
applied together to electrostatic simulations of RF
discharges.

There are two kinds of algorithms, namely, direct
implicit simulation and implicit movement method
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simulation. In the direct implicit method, the field
equations are given by extrapolation of the particles
equations of motion [3]. In the implicit movement
method, the field equations are given by solving the
lower fluid moment equations each cycle in conjunction
with Poisson's equation for an implicit electric field and
then by advancing the particle equation with this
predicted electric field [4]. The code uses the direct
implicit simulation method by Landon and Friedman
[3]. The essence of this method is that the recursive
filtering of the electric field damps out high frequency
modes. If we apply the simple harmonic oscillator
model to the implicit scheme, we obtain the following
characteristic equation:
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where & = exp[— i a)At] , @, 1s the cyclotron frequency,
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w, is a frequency of the external filed and A¢ is a time

step. With (a)mAt)2 <<1 and @At <<1 the equation
(1) gives the relative error in real and imaginary parts of
the oscillation frequency: [Re(dw/w, | < 1.0507 AL ,

1
Im(6w/w, | < 0.75w; A’ , where @, = (a)g + a)faﬁ . For
w,At >>1 there is the root that corresponds to strongly
damped oscillations:
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This implies that the high frequency oscillations are
strongly damped while low frequency oscillations are
weakly affected. Thus, the physics that is not accurately
resolved by the use of large time steps is removed by
the damping.

With the time steps used in order to satisfy stability
and accuracy conditions for the electrons, the conside-
rably more heavier ions make very short advance in one
electron time step. Hence, the ions might be moved less
frequently, every k™ electron time step, where k may be
from 10 to 100, depending on the ion mass. To exploit
the difference in inertia of ions and electrons the code
uses the numerical technique that is called "sub-cycling"
[6]. For each complete cycle of time integration, there is
one cycle for the ions and several sub-cycles for the
electrons. As the mass of ions makes them insensitive to
high frequencies, one can use a larger time step for ions
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than electrons, which quickly makes the cost of pushing
ions very low. This algorithm use the fact that ions do
not respond to the high frequency waves. This allows
suppression of the high frequencies in the field seen by
the ions and permits to push them with a time-step
larger than that used for electrons. The electron density
is defined at integer time steps simultaneously with the
ions, and at fractional time steps. Namely, the ion
density is known at time ¢, =nAt¢, while the electron
density is known at time ¢, =(n/N)At=nAt,.
Electrons are pushed from time nAf, — MAte to time
nAt,+ MAte, where M =(N—1)/2, assuming ion
positions as defined at time nA¢. The electric field seen
by the ions is then computed as a function of the electric
field calculated from the intermediate positions of
electrons. Ions are then advanced one time step and the
cycle is repeated.

The PIC-MCC simulations usually continues while
the density profiles evolve to their equilibrium states.
With initial spatially uniform ion and electron density
profiles it takes the long computation time. The time to
reach equilibrium is improved by starting off with non-
uniform initial density profiles that are close to their
final equilibrium values. These profiles are deduced
from previous runs or may be estimates from physical
considerations.

One method of obtaining a better initial starting
point for a simulation is the use of "light ions" [7]. The
light ion speedup method is done in two steps. First, the
real ion masses are replaced with the light ion masses
and simulation runs until it comes to a "light ion"
equilibrium. Reducing the mass of the ions increases
their speed, which enables them to reach an equilibrium
state in a smaller number of RF cycles, and hence less
computer time. Then the real masses are restored, and
run until equilibrium again. The overall running time is
found to be less than that running with the real ion mass
throughout, since the light ions reach equilibrium faster
than real ions.

CCP-NLD DISCHARGE SIMULATION

As an application of the code the simulation of the
low pressure RF discharge enhanced by the nonuniform
magnetic field was carried out. The magnetic field
topology is like in neutral loop discharges (NLD). In
NLD inductive or capacitive plasma coupling may be
used. The simulation of NLD with inductive coupled
plasma was performed earlier in [8]. In this work the
case of the capacitively coupled neutral loop discharge
is considered (CCP-NLD). The NLD magnetic field
configuration can be created by three coils that are
placed coaxially around an axisymmetric discharge
chamber. The currents of the first and last coils have the
same direction, and the current of the middle coil has
the opposite direction. The resulting magnetic field is
axisymmetric with X-point. At X-point the magnetic
field vanishes. The region near X-point, which is

usually defined by the inequality |B| < By, forms

toroid -like structure that is the neutral loop itself. Here
Byox =(mc/e)-w, is a magnetic field strength
corresponding to the electron cyclotron frequency,
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which is equal to the RF frequency «,. For the RF
frequency 13.56 MHz B, 4.8 G. Such magnetic

coils configuration allows to change the position and the
diameter of the NL contour by varying the currents in
the coils. As a result the diameter of the plasma ring
with maximum plasma density changes.
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Fig. 1. Configuration of the magnetic field

A configuration of the external magnetic field near
NL is shown in Fig. 1 in 7-z plane. In this figure the
magnetic field contour lines, the calculated profile of
the magnetic field strength lines, X-point and separatrix
are depicted. The radius and the axial position of NL are
equal to 2.5 cm. The point where B = By, lies on the

distance 0.6 mm from X-point.

The problem is solved in cylindrical geometry. The
dimensions of the computational domain are as follows :
the radius of the discharge chamber R =5 cm, the axial

extent L =5 cm. The usual number of mesh points

64x64 . Consequently  the  cell size  is
Ar=Az=0.078 cm. The operation gas is argon. The
pressure values varies from 5 to 50 mTorr. Initial
plasma profile is parabolic. The collisions between the
electrons and the neutral background, including elastic
scattering, excitation and ionization, are treated by the

Monte Carlo method. The typical time step Az =10"""s.
It is less than the fastest time scale in the discharge,
which is defined either by the inverse electron plasma
frequency, the inverse collision frequency, or the “grid
travel time” Ax/v , where 0 is the typical electron

velocity. The electric field is calculated self-consistently
by the PIC algorithm. The boundary conditions are
determined by treating the bottom and top of the
simulation domain as powered and grounded electrodes,
respectively, while the mantle is a dielectric. At the
powered electrode the RF voltage V. =50 V is applied

with the frequency 13.56 MHz. More than 5-10° super-
particles are used in each simulation run to represent the
plasma. This is large enough to avoid problems with
artificial self-heating and other numerical noise errors.
Every simulation runs for several thousand RF cycles to
reach steady-state operation.

The simulation results show the strong influence of
the magnetic field. In Fig. 2 the spatial profiles of
electron energy distribution are depicted. In Fig. 2,a the
electron energy distribution with presence of the
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magnetic field is shown. For comparison Fig. 2,b shows
the electron energy distribution for the case, when the
external magnetic field is turned off.
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Fig. 2. Electron energy distribution with (a) and without
(b) magnetic field (p = 5 mTorr)

Fig. 2,a shows that with the magnetic field turned on
the maximum of electron energy is located at the neutral
loop with a small shift from X-point outward. The
electron energy is high also in adjacent regions which
are linked with neutral loop by magnetic field strength
lines. High electron energy in these regions is due to
presence of the additional to collisional heating
mechanism. Collisional heating becomes inefficient at
pressures below 10 mTorr. However, in the magnetic
field configuration with NL an alternative collisionless
heating mechanism exists. Motion of the electrons far
from the NL is regular. But in the region close to NL,
where the magnetic field is low and inhomogeneous, the
adiabatic invariance of the magnetic moment is
destroyed, and the degree of freedom increases enough
to generate chaotic motion of electrons.

In the process of electrons energy losing through
inelastic collisions a sink of the energy in a high-energy
region of the velocity space appears. A steady state is
achieved when the same number of electrons are
supplied from a low-energy region, and then they are
moved towards the sink in the velocity space by the
cascade process driven by the mixing effect. The chaos
accelerates the cascade process, and enhances the
energy dissipation into the sink. The energy dissipation
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is determined by the speed of the cascade, which is
defined by the Lyapunov exponent, and the energy
removal rate in the sink region [9].

On the other hand the electron energy is lower in
zones, where electrons are magnetized. Here the
electrons are confined by the magnetic traps and heated
due to Ohmic dissipation, diffusion and heat transfer
across the magnetic field which transport electrons and
energy from the regions with higher magnetic filed to
the lower ones. However, these processes are not
effective in the low pressure discharges.
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Fig. 3. Electron density distribution with (a) and
without (b) magnetic field (p = 5 mTorr)

The computer simulation results show that the
electron density profile has complex enough structure.
In figure 3a the electron density profile is depicted for
the turned on magnetic field, and Fig. 3,b shows the
electron density without magnetic field. Fig. 3,a argues
that the electron density near NL is inhomogeneous both
in radial and axial directions. The density maximum is
not located at the X-point but is shifted inwards in radial
direction, and additional local maxima appear above and
below the NL. This results qualitatively agree with
several experimental studies, where such behavior of the
electron density is explained by electron confinement in
the local magnetic traps. Indeed, there are several
magnetic traps in NLD as it can be seen from Fig. 1.
Near these traps boundary of the high density region
coincides with the magnetic surfaces.
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CONCLUSIONS

energy (eV) a) The computer simulation results have shown that the
¢ stochastic heating mechanism exists in the NLD
- discharge and it is more effective at lower pressure.
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KHUHETUYECKOE MOJAEJIUPOBAHUE BUY-PA3PAIA HU3KOI'O JABJIEHUA BHEOJHOPOJHOM
AKCHAJIBHO-CUMMETPUYHOM MATHUTHOM IIOJIE

B.B. Onvwanckui

Jns xuHeTHYeckoro MoaenupoBanus BU-pa3psigoB HHU3Koro naBieHus: pazpadotaH HesBHBINH 2D3V PIC/MCC
kon. Kon ucnonezyer meron «uacruna B stueiike» (PIC) mist pacuera OecCTONKHOBUTENBHOW TUHAMHKH YacTHI]
m1a3Mel 1 Metoa «Moure-Kapno» (MCC) s yueta napHbIX CTOJIKHOBEHUH yacTuil. /i cokpamieHust KOMIbIOTep-
HOTO BPEMEHH B KOJIe MPUMEHSIOTCSI pa3JINuHble YUCICHHbIE B (PU3NYECKHE METO/IBI YCKOPEHHS pacueTa, Takne Kak
HESIBHBI METOJI pacueTa JBW)KEHHS YaCTHIl U MOJIeH, 3JeKTPOHHBIE TIOJUMKIBI M Apyrue MeTozbl. PaspaboTaHHbIi
KOJ MpHUMEHsSeTCs AN HUCCIEAOBaHMsS JUHAMUKU IJIa3Mbl B €MKOCTHOM IUTa3MeHHOM BY-paspsne, ycuineHHOM
BHEITHUM MarHUTHBIM TIOJIEM, HCIIOIBb3YEMOM B paspsaax ¢ HeWTpaabHbIM KOHTYpoM (NLD).

KIHETUYHE MOJEJIOBAHHS BU-PO3PAY HU3BKOI'O TUCKY B HEOJHOPITHOMY
AKCIAJIBHO-CUMETPUYHOMY MATHITHOMY IIOJII

B.B. Onvwancokuii

st xiHeTHuHOTrO MoenmoBanHsl BU-po3psiaiB HU3bKoro THCKY po3pobieno HesBauii 2D3V PIC/MCC koa. Kon
BUKOPHCTOBYE MeToJ| «4acTuHKa B KimiTHHL» (PIC) ans po3paxyHKy OUHAMIKM YacTHHOK IUIa3MH Oe3 3ITKHEHb i
meron «Monre-Kapno» (MCC) st BpaxyBaHHsI MapHHUX 3ITKHEHb YaCTHHOK. J[I CKOpOYeHHsS KOMI IOTEPHOTO
Yyacy B KOJI 3aCTOCOBAHO pi3HI YMCIIOBI Ta ()i3WYHI METOIM NPUCKOPEHHS PO3paxyHKY, Taki SIK HESIBHUI MeETO[
O0YHMCIIeHHS PyXy YaCTHHOK 1 ITOJIiB, €JIEKTPOHHI MiIIUKIIH Ta iHII MeToan. Po3pobieHuit Kox 3aCTOCOBY€EThCS IS
JOCII/DKEHHS. TMHAMIKM TIJIa3MH B €MHICHOMY IDIa3MoBoMy BUY-pospsimi, mifcmiieHOMY 30BHIIIHIM MarHiTHUM
TI0JIEM, III0 BUKOPUCTOBYETHCS B PO3psiax 3 HEWTpasbHUM KoHTYpoM (NLD).
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