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Plasma technologies for the film deposition and etching based on the ion flows application are intensively
elaborated and used now. Some of the most important requirements imposed on the ion flows are homogeneity and
monoenergeticity, what necessitate the analysis of processes of particles flow formation in existing devices as well as
under designing the new plasma technology devices [1-5]. On the base of the simple mathematical model the transport
processes in the low pressure gas discharge are considered. It was assumed that the gas discharge is in steady state
regime. For the nonmagnetized plasma free fall mode for ions and electrons is supposed and free fall mode is assumed
only for ions if a constant external magnetic field is applied. Consideration is treated in the framework of 2D two liquid

hydrodynamic plasma model.
PACS: 52.80.-s

1. STATEMENT OF THE PROBLEM

Geometry. Main subject of our investigation is shown in
the fig.1 and represents the metal cylinder discharge
chamber (1) filled with the plasma (2). The energy input
is performed by electrodes (3), which are located between
two glass disks (4) and powered from RF generator. The
plasma produced leaves the chamber through the grid
electrode (5). Driving electrode (6) is separated from the
chamber wall by isolator (7) and serves for the particles
flow control. An external magnetic field parallel to the
axis can be applied. In this work we consider only
problems with cylindrical symmetry.

Fig.1

Processes considered. General scheme of our calculations
consists of the successive consideration of more or less
separate subproblems. They are: 1) ions movement in the
field of ambipolar potential and in an external magnetic
field, if one is present; 2) finding of the equilibrium space
distribution of electron density and the ambipolar
potential distribution; 3) balance of the total number of
electrons; 4) heat transport; 5) HF electric field
distribution. Let us consider each of these steps.

1.1on movement is described by the set of equations

%+ 0 (mv;)= v (T)n, (1.1)
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Here #;,.1s the ion and electron fluids densities, V;-ion
fluid velocity, v / - ionization frequency dependent on the

electron temperature 7, €- elementary charge, ;-ion
mass, Y -ambipolar potential, ¢- light speed, H -the
external magnetic field strength, (v v)*? = vOvP | V0 is
the o-th component of vector V. From elementary
processes we took into account here only single
ionization.

2. Electron density and ambipolar potential. The fact, that
electrons relaxation time is more less than ion relaxation
time, means that the time scale of transport processes is
determined by ions, and gives the possibility of
calculation of the electron density distribution for given
ion one. Assuming that the electron gas is characterized
by local equilibrium in the external force field at any

moment of time, we can to use Boltzmann distribution

n, = ngexp(e¥ /kT) 2.1)
with the normalization requirement
nOI exp(e¥ /kT)dV = Ny, 2.2)
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where k is Boltzmann constant, Ny is the total number of
electrons in the volume under consideration. Let’s note,
that the distribution (2.1) is not valid in the Lorentz force
field. Then, (2.1-2.2) is right in the absence of magnetic
field or if we consider the distribution along its lines, if
they are parallel. The set (2.1-2.2) is closed by the
Poisson equation:

AV = 4me(n, - n;) (2.3)
3. Balance of the total number of electrons in the volume
V is subjected by the equation of continuity of the
electron liquid:
dNJ+ n,v,ds = J ny ((T)dV
dt ! >
v

3.1)

where Sy is the boundary of the volume V' . We needs of

normal velocity components values V. |s on theSy . In

153



the case of free plasma we can expandV up to discharge
chamber sizes and set V. |s to ion sound velocity (Bohm

condition [6]):
Vo ls= AT /m; . (3.2)

When the external magnetic field is applied, we must
identify the volume V" with the some small magnetic field

tube and we can get V, |s from the drift theory [6]:

= Veon H Jyn H

v, s —el ¥ -T
els 0 i n (3.3)
and use (3.2) on chamber walls. In (3.3) © . is the electron

cyclotron frequency. Condition (3.2) in this case denotes
longitudinal to magnetic field direction velocity
component. Let’s note, that the drift component of the
velocity in the case of cylindrical symmetry magnetic
field does not result in Ny changing. Secondly, as a rule

we can neglect electrons transfer through the field tube
walls if the tube is closed to the chamber wall.

4.Heat transport is realized mainly due to the electron
heat conductivity and is described in the framework of the
drift theory. Similar to electron density, electron heat
flows steadies much faster then during the ion relaxation
time, then we use the steady state heat conductivity
equation:

Og=3/20U/0¢, 4)
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where U is the electron gas internal energy, ¢, and ¢g
are longitudinal and transverse heat flows densities, U; is
the energy of ionization, v / and U; are frequencies and

energies of the j-th excited state of the working gas
molecule, @ is the input power volume density.
Boundary conditions for (4) can be obtained in the
assumption that heat flow on the walls is convective and
is determined by (3.1-3.2). The last remark in preceding
subsection is also applicable to the heat flows.
5.HF electric field distribution. Electric field was
calculated in linear potential approximation [7]. We use
the fact that the electron temperature varies significantly
slower, than any other the problem’s variable. In the free
plasma we have:
2

TE0y)+ ~L0% = o0, (5.1)

W

where ¥ is the RF electric field potential, ¢ = 1- © f, Jo?
is the plasma permittivity, V,-thermal electrons velocity,

@ , - the plasma frequency, @ - RF generator frequency.

On the surfaces bounded the plasma we applyed the
“mirror reflection” condition [8], what leads to:

2
- W
nll Dzw——g’wH =0

A

(5.2)
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where 7 -normal to the surface. Besades that, conditions
of the total current continuity on dielectric surfaces [9]

n@y ,-e,00 )= 0, (5.3)
where ¥ ,,0 ;4 is the HF potential in plasma and in

dielectric and ¢ ; is the permittivity of the dielectric. The

Dirichlet condition on RF electrodes and metal surfaces is
used:

Uils=vo. (54)
If the plasma is magnetized, (5.1) passes into
2
DEDyg)+ LO(AIIY =0, (5.1
0]
where £ is the plasma  permittivity tensor,

2
~ 0]
A= 5 (1-€). The power resonantly absorbed (@ in
p
(4)) can be evaluated as it shown in [10,7].

2. SOLUTION
The problem can be solved with the help of iterative
solution of the set of subproblems enumerated above. In
one's turn some of they are need of an iterative procedure.
Subset of equations (1.1-1.2) is solved by the explicit
MacCormac method [10]. We do one step of the solution
of this subsystem with the time step T € ¢;/L, ¢, - ion

sound speed, L- problem’s scale. Then we solve
nonlinear subsystem (2.1-2.2) with the help of two
iteration procedures, one is nested in other. External one
is simply secant method for finding 7o(Ny)= 0 root
(2.2); internal procedure is the Newton’s method for
solving (2.1,2.3) with ny fixed. Good accuracy can be

reached by about 2-3 iteration of Newton’s loop and
about 10 iteration of secant loop. Subset (3) presents no
difficulty, it is simply the algebraic equation. If magnetic
field is present, we divide whole domain under
calculation onto field tubes and find V) for each of them.

It should be noted, that in this case we have best
convergence of subset (2) then in the case of free plasma.
Heat conductivity equation (4) is solved similar to
(2.1,2.3) by the Newton’s method. Apparently, the best
way to solve the subset (5) is to apply any direct method,
it provides best accuracy, then standard iteration schemes,
with comparable or less time needed (at least on the grids
about 30x30 knots). This stage is the most durative.

3. RESULTS
Let’s consider some examples of this technique. We
considered transport processes in the planar plasma
reactor described in [11]. An external magnetic field was
not applied. RF feed was realized by the ring electrode
situated at » = 20cm . The plasma was occupied the space
with radial size R=23cm and axial size Z=3cm and it was
enclosed between two glass disks. Total axial size of the
discharge camera was 4cm. Fig.2 shows the comparison
of the experimental (points) and theoretical (line) plasma
density values. Temperature is weakly dependent on
radius and is equal to 3el against Sel in the
experiment. It can be caused by an inaccuracy in
ionization frequency value. Fig.3 shows the spatial
distribution of the HF potential, normalized on its



maximal value. We also consider system shown at Fig.1
and had obtained some results about the influence of
driving electrode and grid electrode potential values on
the ion flow through the grid electrode in the absence of
an external magnetic field. Sizes of the discharge camera
is R=22cm and axial size Z=21cm.
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Fig.4 shows an example of HF potential distribution in
the absence of magnetic field. Potential is normalized to
one on the HF electrodes value. One can see, that HF
power is localized near the RF electrodes and they
distribution does not affect to the flow parameters.
Following results are obtained with the assumption that
the density of heat sources is uniformly distributed on the
bottom base of discharge camera.

Fig. 5 reflects the influence of the grid electrode negative
potential and the driving electrode positive potential to
the radial distribution of the ion fluid density n’

normalized to the average density value (a), ion velocity
V" normalized to the average ion sound speed (b), and
angle o between the velocity and the camera axis (c).
Solid lines correspond to the flow not perturbed. Dash
lines correspond to the driving electrode positive potential
(what is equal to the ambipolar potential maximum
value), dot-dash lines correspond to the grid electrode
negative potential (what module is equal to the two
ambipolar potential maximum value).
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MPOIECH IEPEHECEHHS ¥ I'A30PO3PSITHIN IIJIA3MI HU3bKOT'O TUCKY

M.O. Azapenkos, O.A. bizioxos, O.B. I'anon

3apa3 iHTEHCHBHO PO3POOISIOTHCS Ta BUKOPHUCTOBYIOTHCS IIA3MOBI TEXHOJIOTII TPaBJICHHSA Ta HAHECEHHS IOKPHTTIB,
1[0 0a3yI0ThCs Ha 3aCTOCYBAaHHI MOTOKIB 10HIB. OMHUMHY 3 HAWOLIBII BaXXTUBHUX BUMOT, 1[0 HAK/IaJalOThCS Ha MOTOKH
10HIB, € IX OJHOPITHICT 32 TYCTHHOIO Ta €HEPri€lo, Mo TATHE 3a CO00I0 HEOOXiMHICTh aHaNi3y MpomueciB GopMyBaHHS
MMOTOKIB YaCTWHOK B iCHYIOUMX TIPHCTPOSX Ta THX, IO NMPOEKTYIOThca. Ha OCHOBI mpocTtoi MaTeMaTHYHOI MOAemi
PO3MIISIHYTI TpOLlECH TEPeHECeHHS B Ta30pO3psAHiil IUIa3Mi HHM3BKOTO TUCKY. PO3IIISTHYTO CTalliOHapHMH peXxuM
po3psny. Pyx ioHIB Ta eleKTpOHIB y He3aMarHiueHiil InTa3mi BBaKaBCs OC33IiTKHEHWM, B 3aMarHiUeHIH Imra3mi
0e33ITKHEHMM BBa)XaBCS TUIBKM pyxX IOHIB. 3ajgaya po3B si3yBaiacsi Ha OCHOBI JBOBHMIPHOI JBOXPIAWHHOI
TLAPOUHAMIYHOT MOJIEI IIa3MH.

MMPOIIECCHI NEPEHOCA B TA3OPA3PSIJTHOM IVIA3SME HA3KOT' O JIABJTEHUS

H.A. A3apenxoe, A.A. bu3wkos, A.B. I'anon

B Hacrosimiee BpeMs HWHTCHCHBHO pPa3pabaThIBAIOTCS W HCIONB3YIOTCS IUIA3MCHHBIC TEXHOJOTMH TPABICHHS U
HaHECCHUs HOKprTHﬁ, OCHOBAHHBIC Ha NPUMCHCHHWU HMOHHBLIX IMOTOKOB. OILHI/IM us3 Han6onee BaXXHBIX TpC6OB£1HIdI7[,
HaJIaraMbIX Ha MOTOKH HWOHOB, SBISCTCS WX OJHOPOJHOCTh MO IUIOTHOCTH W IO SHEPIUH, YTO BICUET 3a COOOI
HEOOXOAWMOCTh aHaIM3a IMPOIECCOB (DOPMUPOBAHHMA MOTOKOB YACTHII B CYIIECTBYIOIIMX M IPOEKTHPYEMBIX
ycTpoiictBax. Ha ocHOBe mpocToif MaTeMaTHuecKoW MOJIEH pPacCMOTPEHbI MPOLECChl MEpeHoca B ra3opaspsiHON
I1a3Me HHU3KOTO NaBJeHWsA. PaccMmaTpmBaeTcsl CTallMOHAPHBIN PEXHM paspsaa. [IBIDKEHHE HOHOB M DIIEKTPOHOB B
HE3aMarHWYCeHHOW IUTa3Me CUUTAIOCh OECCTONKHOBHTENHFHBIM, B 3aMarHUYEHHOH IUTa3Me OeCCTONKHOBUTEIHHBIM
CUUTANIOCh TOJIBKO JBHXKEHHME MOHOB. PaccMOTpeHHe TMpOBEIEHO Ha OCHOBE JIBYMEPHOM ABYX)KHIKOCTHOM
TUAPOJIUHAMUYECKON MOJIENH TJIa3MBbl.
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