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A SEMI-ANALYTICAL MODEL TO STUDY THE STATIC CHARACTERISTICS
OF THE PLASMA SHEATH

F.B. Yeh

Department of Marine Mechanical Engineering
ROC Nava Academy, Taiwan, R. O. C.

ABSTRACT

The characteristics of sheasth dominate the
ions and electrons flux transport from plasma to
a negative bias surface. Based on the kinetic
analysis, some analytical expressions are given
for the gpatia variations of density and fluid
speed of ion and eectron, potential and electric
field in the sheath for arbitrary negative bias
voltage a the wall. The predicted spatia
variation of the electric field in the sheath is
found to agree well with experimental data. The
effects of dimensionless bias voltage, ion source
strength, reflectivities of the ion and e ectron on
the wall, ion-electron mass ratio, charge number,
and electron-ion source temperature ratio at the
presheath edge on the density and fluid speed of
ion and electron, the potential and electric field
in the sheath are obtained in this work.

INTRODUCTION

The potentia gradient, i.e., electric field, can
play a strong role in the transport of impurity
ions in the plasma. In fusion devices, the
impurity ions release from the wall surface by
ion sputtering can be controlled to return to a
limiter or divertor plate while the electric field
intensity in the sheath is higher. In contrast, the
eectric fidd is weak then the impurities could
easily move back into the bulk plasma. Hence,
the potential and electric field profiles in the
sheath are very important to investigate the
energy and momentum flux of the ions and
electrons striking the wall surface.

In many applications, the electrica
characterigtics of bounded plasma-sheath
systems are determined by the behavior of the
sheath. It, therefore, becomes important to find
the relaionship  between the sheath
characterigtics and the plasma parameters. Many
papers have been published to treat plasma-wall
system, including the theoretica [1-6] and
experimental [7-9] works in evauating the

effects of physical processes on the potential
variation in the presheath and sheath. In the
theoretical models, one method is to find
numerical solution of plasma balance equation
from the center of the plasma to the wall
simultaneoudly. The other is to consider models
for plasma and for sheath, solve them separately
and join them together. To optimize the quality
of plasma processing, a bias voltage is often
applied to the substrate, which controls the
kinetic energy of the impinging ion flux.

Since plasma particle and heat flux to a solid
surface are controlled by sheath electrical field,
we wishes to predict these foregoing quantities
as a function of electron and ion source
temperatures, ion and eectron reflectivities, ion
charge number, ion mass, applied negative bias
voltage, etc. In this work, the plasma parameters
affect the density and fluid speed of the ion and
eectron, potential and eectric field distributions
in the sheath can be determined.

KINETIC MODEL AND ANALYSIS

In this work, a plasma composed of a
presheath and sheath is in contact with a wall
with electrically negative bias voltage partialy
reflecting and secondarily emitting ions and
electrons. The major assumptions made are same
asour previousworks[2, 3].

Asymptotic Analysis - Presheath
The dimensional poisson’s equation applying in
the presheath and sheath is

2
— &g % =e(Z;n; —n,)

dx?
1)
The dimensionless form of equation (1) in the
presheath can be expressed as
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The dimensionless quantities are defined as
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where ¢ istheratio of the Debye length A, to
the characteristic extension L of the plasma. L
and A, are the characteristic lengths in the
presheath and sheath, respectively. The latter is
definedas A, = (g,Kg T,/ N,e’)"?. Onthe
presheath scale the sheath thicknessis infinitely

thin. The left-hand side of equation (2)
approaches to zero and is neglected that results

in Zn, =n, . Hence, the plasma in the

presheath is quasineutral. The dimensionless
eectric fied distribution function in the
presheath can be expressed as[2]

£, = % rashpl Y
dn

’ 1- Z&D(\/;) (4)

with

3
A Z2x(1+p) s :i m,
(1-p)(Zx+1]) Ng | 2KgTg
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The variable of h(y) denotes the spatialy
nonuniform source strength. The sheath edge
potential , can be determinedin [2].

2 Zi<p
\oF D(\/7,) = €*erfc(\/Z k)

(6)

The Dawson and complementary error
functions are, respectively, defined in [3]. The
dimensionless electric field in the presheath is
defined as E, =E /(kyT,/eL) . The

assumption of that the source is uniform in the

bulk plasma h(y) =1 [4], integrating equation
(4) and invoking the boundary condition n= 0,
x = O, the spatial variation of dimensionless

potential distribution in the presheath is
expressed as

o= 20G11)

TAS ™

Asymptotic Analysis - Sheath

The magnitude of sheath width isafew electron
debye lengths in the sheath. The dimensionless
coordinate is redefined as

E=(X-X,)/Ap =(M—m,)/e to solve the
sheath. Here, X, designates an arbitrary
reference point defining the origin of the sheath
space coordinate & . On this sheath scale the

presheath is infinitely remote. Hence, the
dimensionless poisson’s equation in the sheath
is

2
CLozn -n,

dz* ®)
Equation (8) can be expressed further as

d . 2 . .
_X)z = 82Ep,b +2(M i =M o)

(
dg ©)

where M7, and M_, represent the sum of

the momentum flux of the ions and the
electrons at the evaluating point and the sheath
edge, respectively, and which are define as [10]

* %2
* % %2 * * neue * *
Mo =NiU; +p; =7 + M +P.— T
(10)
. n,Q p.—1
_ lib==2b — e
Mo, = +e* +—=—x

K

[e7verfo(y1y — 1) + 2, 22— Lo
m (12)

With
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The functions Q,,, Q,,, Z,(x) and Z,(x)

are defined in our previous work [3]. The
dimensionless momentum flux is defined as

M; =M, /nkgT,. The dimensionless ion
and electron fluid speed are defined as
u =ul(kyTy,/m)Y? . The transport
variables of dimensionless ion and electron
mean pressure P and fluid-like viscous stress
7 are defined in [3]. The wall potentia is
defined & %, = A T At + Abies D Ay

denote the dimensionless applied negative bias
voltage and the floating potential at the wall,
respectively. The latter is defined as [10]

o[
(16)

The dimensional electrica field is continuous
across the sheath edge, the dimensionless
eectric field at the sheath edge at the sheath

side is defined as E;, =¢E,, . E; is the

dimensionless electric field in the sheath and is

defined as E,=E//(k,T,/el,) . The

dimensionless electric field at the sheath edge at

the presheasth side is defined as

E,, =dy/dn| _ which can be evaluated
! N=Np

from equation (4). The dimensionless electric
field distribution in the sheath is

Xt = Xb"‘ln(

* dX * 2 * *
Es = d_& = 82Ep,b + 2(M ftot M ftotb)
17)
Integrating equation (17), the spatial variation
of the dimensionless potential distribution in
the sheath is

I e
Aw 2 *
\/ pr +Z(Mftot _Mftotb)

&~

(18)

RESULTS AND DISCUSSION

To confirm relevancy and accuracy of this
model, the spatia distribution of predicted
electric field in the sheath between a helium
plasma and brass workpiece is compared with
experimental data provided by Watanabe et al.
[8], asshownin Fig. 1.
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Figurel. A comparison between the predicted
dectric field disgtribution and experimental
resultsin the sheath [8].

The different ¢ affecting the dimensionless
potential and electric field, density and fluid
speed of ion and electron profiles in the sheath
as shown in Fig. 2(a) to 2(c), respectively. The
absolute value of abscissa, |£—&, |, represents

the distance from the wall surface. The solid
line (and following figures) is the predicted
result based on the dimensionless reference
parameters from Table 1. The dimensionless
potential and electric field rapid increase



monotonically from the sheath edge (|§ - §W| =

13.3) to the wall surface (|¢-¢&,|= 0). The

characteristics of the presheath, and the sheath
edge and wall potentials are independent of the
€. For ¢ =1, the dimensionless electric field at
the sheath edge at the sheath side is identical to
that at the preshesth side. The corresponding
dectric field at the sheath edge is around

E., =2x10™". A decrease in ¢ results in

decreasing the dimensionless electric field at
the sheath edge at the sheath side. The electric
field

at the sheath edge is around E_, =2x107"

for £=1x107.
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Figure 2. Spatial variations of dimensionless (a)
potential and electric field, (b) ion and (c)
electron density and fluid speed in the sheath
for different €.

Table 1 Vaues of the dimensionless reference
parameters

p.=0 | M=183% | Z =1

S=05]| Ans=0 | e=1x10"°

The dimensionless electric field at the sheath
edge a the sheath side approaches zero for
e~0. As shown in Fig. 2(b) and 2(c), the
dimensionless ion and electron densities
decrease and fluid speed increase in the

direction toward the wall surface for e =1x107°.
The density and fluid speed of the ion and
electron at the sheath edge and wall are
constants for different . It can be observed in
figures 2(a) to 2(c) that the different ¢ haslittle
effect on the spatia variations of the potential,
electric field, density and fluid speed of ion and
electron in the sheath near the wall.
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Figure 3. Spatial variations of dimensionless
(a) ion and (b) electron density and fluid speed,
(c) potentia and (d) electric field in the sheath
for different ion and electron reflectivities,
glectron-ion source temperature ratio at
presheath edge and ion-electron mass ratio.

Dimensionless spatial variations of density
and fluid speed of ion and electron, potential
and electric field in the sheath for different ion
and electron reflectivities, electron-ion source
temperature ratio at presheath edge and ion-
electron mass ratio are shown in Figs. 3(a) to
3(d), respectively. An increase in ion
reflectivity reducesthe ion fluid speed and
current density at the sheath edge that resultsin
increasing the wall potentia [as shown in Fig.
3(c)] to reduce the electron current density at
the wall [3]. Hence, an increase in ion
reflectivity decreases the density and fluid
speed of ion and electron in the sheath as shown
in Figs. 3(a) and 3(b), respectively. The sheath
edge potentiad is Independent of the ion
reflectivity. An increase in ion reflectivity
increases the electric field at the sheath edge
and the increment of momentum flux across the
sheath [10] that result in increasing the electric
fidld at the wall [as shown in Fig. 3(d)]. A
decrease in €ectron-ion source temperature
ratio represents an increase in ionization rate
that results in increasing the ion current density
at the sheath edge and decreasing the sheath
edge and wall potentials [3]. This leads to
increase the density and fluid speed of ion and
electron in the sheath. The electric field at the



sheath edge decrease with decreasing the

electron-ion source temperature ratio at the .

presheath edge but the increment of momentum o Z=1 §=05 fow=0

flux across the sheath increases [10]. However, ] R - el el /
the electric field at the wall increases with s 77T A1 9705 Xue=2 7
decreasing the electron- ion source temperature :

ratio. The characteritics of the presheath are 3

independent of the electron reflectivity and ion- oF

electron mass ratio. Because that the ion current g
density at the sheath edge is constant for ]
different electron reflectivity, an increase in 1F
electron reflectivity results in decreasing the S -
wall potential to increase electron current *oF
density at the wall [3]. An increase in eectron o
reflectivity increases density of ion and electron

but decreases fluid speed of ion and electron. 4(a)

The increment of momentum flux across the
sheath decreases with increasing the electron
reflectivity [10]. Hence, the electric field at the
wall decreases with increasing the electron

10° g

reflectivity. An increase in ion-€lectron mass f - é%%
ratio represents an increase in electron current O é =1
density at the wall that results in increasing the i
wall potential to reduce electron current density ok

[3]. An increase in ion-electron mass ratio g
decreases density of ion and electron but N —
increases fluid speed of ion and electron. The E
increment of momentum flux across the sheath i
increases with increasing the ion-electron mass 07 \
ratio [10] that results in the electric field at the g
wall increases. ol

Different charge number, ion source strength * 2 e N °
and bias voltage affecting the dimensionless
gpatia variations of density and fluid speed of
ion and electron, potential and electric filed in
the sheath are shown in Figs. 4(a) to 4(d),
respectively. An increase in charge number °r
represents an increase in ion current density at | T __. %
the sheath edge that result in increasing the J T .
sheath edge potential and decreasing the wall B ' ;
potential to reduce ion current density at the ! i
wall [3]. Hence, the density of ion and electron ‘
decrease and the fluid speed of ion and electron i
increase. An increase in charge number results 2
in increasing the electric fields at

4(b)
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Figure 4. Spatial variations of dimensionless (a)
ion and (b) electron density and fluid speed, (c)
potential and (d) electric field in the sheath for
different charge number, ion source strength
and bias voltage.

the sheath edge, and decreasing the electric
fields at the wal and the increment of
momentum flux across the sheath [10]. The
sheathe edge and wall potential are independent
of ion source strength. Hence, the variation of
ion source strength has no effect on the
potential, electric field, density and fluid speed
of ion and electron profiles in the sheath.
Ypis =0 aNd ¥, =2 represent the wall

surface at the floating potential and applied
negative bias potential, respectively. The
characteristic of the presheath are independent
of bias voltage but the effects of bias voltage on
the characteristic of sheath are very large. An
increase in bias voltage increases the ion fluid
speed and decreases the ion density. The
density and fluid speed of electron decrease
with increasing the bias voltage. The increment
of momentum flux across the sheath increases
with the bias voltage [10] that results in the
electric field at the wall increases.

CONCLUSIONS

The potential and electric field distributions
in the sheath can be found in this work.
Impurity ions release from the wall surface by
ion sputtering can be controlled to return to the
wall surface by using the higher electric field
intensity in the sheath. The electric field
intensities at the sheath edge and wall increase

13

with increasing the ion reflectivity. Decrease
the electron-ion source temperature ratio at the
presheath edge and charge number result in
increasing the electric field at the wall and
decreasing the electric field at the sheath edge.
An increase in the ion-electron mass ratio and
bias voltage, and a decrease in the electron
reflectivity result in increasing the electric field
intensity at the wall.

NOMENCLATURE
e electron charge.

Kk Boltzmann constant.

M ion-electron massratio definedas m, /m,,.
m;ion mass.

N, €lectron density at the presheath edge.

S, ion average source strength.

S, dimensionlession average source strength.
T,,ion ionization temperature at the preshesth
edge.

T, electron temperature at the preshesth edge.

Z, ion charge number.

€, permittivity of free space.

¢ potential.

p ionreflectivity.

P, electron reflectivity.

Kk electron-ion source temperature ratio at the
presheath edge definedas T, / T, .
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