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Inhuence of negative ions on the plasma boundary sheath
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The collisionless boundary sheath of a plasma containing additionally negative ions and secondary
electrons is investigated theoretically. Bohm s criterion is generalized for such plasmas. The following

effects are considered. (i) For negative-ion densities less than a critical value, the negative ions are cap-
tured by the positive ions through Coulomb collisions in the bulk plasma and in the presheath. As a
consequence, the negative ions move together with the positive ions to the cathode. The critical density

is determined by the collision frequencies of the negative ions with the positive ions and with the neutral

atoms. (ii) Negative ions penetrating into the collisionless boundary sheath together with the positive

ions are reflected by the electric field. As a consequence a double layer appears with a maximum of the

electric field within the sheath. (iii) Secondary electrons emitted by the electrode reduce the field in the

sheath and can form a virtual cathode. The theoretical results are in good agreement with experimental
measurements.

PACS number(s): 52.40.Hf, 52.80.Hc

I. INTRODUCTION

The theoretical description and the understanding of
processes in the boundary layer between the plasma and
the solid surface is of importance for plasma processing,
e.g., sputtering, etching, or thin-film deposition. Ions and
electrons are accelerated in the electric field of the bound-
ary sheath; the shape and the magnitude of the field
determine the energy and flux of the particles at the sur-
face and consequently the etching and the deposition
rates. The structure of the boundary sheath was analyzed
up to now for plasmas which contain only positive ions
and electrons [1—4]. Plasmas containing also negative
ions (e.g. , halogens or oxygen) are of importance in plas-
ma processing. The traditional theory of the current-
voltage characteristics [1] was extended to plasmas with
negative ions [5—8], however without any analysis of the
field structure and particle motion in the sheath. In this
paper the structure of the boundary sheath, the electric
field, the particle motion, and the charge-density distribu-
tion in the sheath are investigated for plasmas which con-
tain not only positive but also negative ions and secon-
dary electrons. The experiments of Gottscho et al.
[9—11] are suited to clarify the structure of the plasma
boundary sheath. Using temporally and spatially
resolved laser spectroscopy (optogalvanic signals and
Stark-mixed laser-induced fluorescence spectra),
Gottscho et al. [9—11] determined experimentally the
electric-field distribution in the plasma boundary sheath
in the neighborhood of the electrodes. The field structure
in the collision-dominated regions in the vicinity of the
anode and in the presheath of the cathode can be ex-
plained by the model of Boeuf based on macroscopic fluid
equations with diffusion coef5cients and drift velocities
and the neglect of inertial effects [12].

The largest potential gradients in glow discharges exist
in the cathode-fall region and the particles change their

energy by a large amount in this region. Approaching
the cathode, the electron and ion densities decrease and
space charges are built up here. The plasma can be con-
sidered to be collisionless within the sheath [1—3]. The
collisions which have the shortest mean free path in the
sheath are those between ions and neutral atoms. The ex-
periments of Gottscho et al. [9—11] were performed at a
filling gas pressure of 0.1 —0.3 Torr. In this case the mean
free path for collisions of charged particles with the neu-
tral background is of the order of the thickness of the
cathode-fall region. Hence the collisional model used for
the anode region [12] and for the presheath [11]cannot
be extended to the cathode fall. The inertia of the parti-
cles becomes decisive within the sheath. For plasrnas
with positive ions, good agreement was obtained between
the results of the collisionless theory [4] and the experi-
mental results for the field in the plasma sheath at the
cathode [10]. This agreement led to the motivation to
elaborate the collisionless sheath theory also for the plas-
mas containing negative ions. The theory and a compar-
ison with experiment are presented in this paper.

In the bulk plasma and in the presheath the negative
ions gain momentum from the electric field and as a re-
sult of collisions with other particles. In Sec. II it is
shown that if the negative-ion density is less than a criti-
cal value, the momentum of a negative ion gained by
Coulomb collisions with positive ions is larger than the
momentum obtained from the electric field. In this case
the negative ions are captured by the positive-ion flow
moving together through the presheath into a part of the
collisionless sheath. The negative ions are then reflected
by the electric field (Secs. III—V). Because of this
reflection a double layer inside the sheath is formed. The
existence of such double layers has been observed experi-
mentally [9,10]. In Sec. VII the theoretical results are
compared with the experimental values. A good agree-
ment is obtained.
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II. NEGATIVE -ION CAPTURE
BY THE POSITIVE-ION FLOW IN THE BULK

PLASMA AND IN THE PRESHEATH

n+ =n, +n (2.1)

where n, is the electron density and n+, n are, respec-
tively, the densities of the positive and negative ions
(n„=neutral-atom density).

In order to formulate the momentum equations we ob-
serve that the mean momentum of a negative ion
(m v ) changes mainly by (i) the action of the electric
field on the ion ( —qE), (ii) the momentum transfer from
the positive ions through Coulomb collisions
[v +m (v+ —v )], (iii) the momentum transfer from
the electrons [v,m (v, —v )], and (iv) the momentum
transfer from the neutral atoms [v „m (v„—v )].
Therefore the momentum equation for a negative ion in
the bulk plasma and presheath is

A quasineutral unmagnetized plasma in contact with a
plane electrode (Fig. 1) is considered. It is assumed that
inside the sheath the particle density is low enough that
collisions can be neglected. The processes in the bulk
plasma and in the presheath, which determine the ion
density and the particle Bow from the presheath into the
sheath, strongly depend on the collisions; therefore in the
presheath and in the bulk plasma just these processes are
considered. The production of negative ions is deter-
mined by the dissociation, the attachment of electrons to
rnolecules or radicals, and the charge-exchange processes.
The equilibrium between these processes determines the
negative-ion concentration, however they have only a
small infiuence on the mean momentum of the ions [13].
The changes in the mean momentum of the negative ions
are dominated by the elastic collisions, therefore only
these collisions are taken into account here for the calcu-
lation of the mean velocity of the negative ions. The
negative-ion density nz at the boundary between the
sheath and presheath is prescribed as boundary value.
The electron temperature T, is assumed to be constant
and in the range of a few electron volts, and the ion tem-
perature T; in the range of about 0.026 eV in equilibrium
with the neutral atoms. For simplicity only one species
of positive and negative ions is considered here with
charges +q and the masses m+ and m . %ithin the
plasma and the presheath quasineutrality is assumed:

' plasma --:-:-

presheath
Xs '

p&//////////gi electiod e g/////////pi

FIG. 1. Geometry of the plasma and plane electrode and no-
tation.

d
dt

(m v }=—qE+v m (v+ —v )

+v, m (v, —V )+v „m (v„—v ) .
(2.2)

Similarly the equation of motion of the total system of
ions is

d (n+m—+v++n m v )
dt

=(n+ n)qE—+v+, n+ m+ (v, —v+ }

+v, n m (v, —v )+v+„n+m+(v„—v+)

(2.3)+v „n m (v„—v ) .
Here v+,

„

is the mean velocity of positive ions, nega-
tive ions, electrons, and neutral atoms, respectively. The
collision frequency for slowing down of negative ions by
positive ions is v +, for negative ions by electrons v
for negative ions by neutral atoms v „,for positive ions
by electrons v+„and for positive ions by neutral atoms
v+„.(The infiuence of the friction forces due to charge-
exchange processes can be also included in v+„.)

The electron mass is small whereas the neutral-atom
mass and the masses of positive and negative ions are of
the same order of magnitude. Therefore the momentum
transfer between the positive and negative ions is much
faster than the momentum transfer between electrons and
ions. The collision frequencies v + and v, for
Coulomb collisions can be approximated by Spitzer's for-
mula [14],

6.8X10 n+A,

9X10 n+A, + m

m+m m+1+ T, (for slow test ion)
m m

1/2

Ez;„i (for fast test ion}
(2.4a)

and

m
Z- —3/2

ev, =1.6X10 n, A, 'm (2.5)

(2.4b)
I

and the corresponding Coulomb logarithms A, + and
Densities are in units of cm, energy and tempera-

tures in units of eV. Taking into account that
kT, &Ez;„&kT, for T, ))T,. gives

with m for the proton mass, Ek;„for the test ion energy, v +))v (2.6)
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+(v ++v„}u —v +u+ = — E,
m

(2.7)

dV+ q+(v+ +vq )u+ v+ u = E
dt m+

is obtained with

(2.8)

n m
V

n+m+
(2.9)

In a first approximation v +,v+, v„are taken as
velocity-independent constant coefficients. For a given
constant electric field E the solution of this system of
differential equations (2.7) and (2.8) is

u =A exp( —v„t)

The mean-velocity differences in Eqs. (2.2) and (2.3) are
of the same order of magnitude and reach values of the
order of the ion acoustic velocity QkT, /m+ in the
presheath, as will be discussed in Sec. IV. Therefore with
Eq. (2.6) all terms connected with collisions between ions
and electrons can be neglected in Eqs. (2.2} and (2.3).
Since the mean velocity of the neutral atoms v„=0is also
negligible and v+„=v „=v„,from (2.2) and (2.3) the
closed system

dU

due to the electrostatic force —qE and the retarding
force of the collisions with neutral atoms. In this case the
negative ions move in the same direction as the positive
ions to the negatively charged electrode. The existence of
this effect also results from Eq. (33) in Ref. [13].

n &n (2.16)

III. THE MODEL
OF THE COLLISIONLESS SHEATH

A. Distribution functions at x =xs

is the condition for the capture of the negative ions by
the positive-ion flow which is accelerated in the electric
field of the plasma. Therefore if in the plasma n & n *,
not only the positive ions, but also the negative ions move
together from the positively charged bulk plasma
through the presheath into the sheath in the direction of
the negative electrode. If n & n* the positive ions and
the negative ions move in opposite directions driven by
the dominant electrostatic forces and the collisions have
only retarding effects. In this paper low negative-ion den-
sities are assumed n & n . The velocities v+ and v at
the boundary of the presheath and sheath are considered
to be parallel and of the same order of magnitude.

+Bv +exp[ —(v„+v+ + v + )t ]+tu

u+ = 2 exp( v„t)—
Bv+—exp[ —(v„+v+ +v +)t]+tu+,

A and B are integration constants, and

m v +
—m+(v+ +v )

qE,
m m+v (v+ +v ++v )

m (v ++v„)—m+v+
m m+v„(v+ +v ++v„)

w and w+ are the limiting velocities for t ~~,

(2.10)

(2.11)

(2.12)

(2.13}

At the interface between the sheath and presheath (at
x =xs in Fig. 1) the positive ions are moving from the
presheath into the sheath with average velocity Uz+ & 0
and the negative ions with vz & 0. It is assumed that the
collisions in the sheath can be neglected and that all ions
which reach the electrode are absorbed. At x=xz the
velocity distributions are approximated by shifted
Maxwellian distributions. The velocity spread around
the mean velocity is characterized by the ion temperature
T

1. Positive ions

The velocity distribution at x =xz is described by

lim U ~w, lim v+~w+ .
f —+ oo f ~ oo

With Eq. (2.9) there results

(2.14) m+(us —us+) 2

f+(us) =f+p e"p (3.1)

m+ vn

m v

vn+
v

(2.15)

In the quasineutral case [Eq. (2.1)] with n+ &n the
denominator of (2.15) is positive. The numerator changes
its sign at the critical negative-ion density

n = 1— v„m+
v +m

n+ .

Therefore if the density of the negative ions is smaller
than this critical density, n & n * the momentum
transfer from the positive ions to the negative ions by
Coulomb collisions is larger than the momentum change

The density nz+ of the positive ions which penetrate into
the sheath at x =xz is

0"s+= f+(us)dus . (3.2)

The mean ion velocity in plasmas with only positive ions
must satisfy the Bohm criterion [2,3] us2+ & kT, /m+. It
is supposed here that a similar criterion should exist also
for plasmas containing negative ions. The analytical ex-
pression of the Bohm criterion extended to plasmas with
negative ions will be formulated in Eq. (4.5). From the
Bohm criterion results, that the maximum of f+ ( us ) in
(3.1) is shifted to velocities of the order of
us ~ —QkT, /m+ and for T, ))T, it is a narrow func-
tion. Therefore the upper integration limit can be taken
approximately as u~ = Qo. From (3.1) and (3.2),
f+p ns+ Qm + /2'IrkT, and the distribution function
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(3.1) is

m+(vs vs+)f+ (vs) =ns+Qm+ /2rrkT, exp
2kT,

2. Negative ions

(3.1')

vs vs-

iif(v, )

0
I if (v$)

-v$ V$ v$

In order to obtain the distribution function for the neg-
ative ions it must be taken into account that the negative
ions, which enter the sheath with a velocity smaller than
a critical value vz, are reflected by the electric field of the
negatively biased electrode. If (~ vs ~

—vs ) is sufficiently
large that

vs- -vs

i,b', i

vs

m {~us —
~

us)z
P 2kT

«1, (3.3)

FIG. 2. Velocity distribution of the negative ions at x =x&
for(a) ~uq ~

&us" and(b) us & —vs.

the distribution function can be easily normalized. Since
~ us ~

is of the order of ~us+ ~
and

~ Us —U(0, t)
~

is of the
order kT, /q, condition (3.3) is satisfied in the greatest
part of the period during the voltage oscillations of rf
discharges when T, && T;. This case is considered in this
paper.

If condition (3.3) is satisfied for T, » T; two different
distributions of the negative-ion velocities v& at x=xz
exist (see Fig. 2).

(i) If ~us ~
& us most of the negative ions are refiected.

Only a negligible number of negative ions in the tail of
the Maxwell distribution reach the electrode and in this
case the distribution functions result [see Fig. 2(a)]:

For the incident particles (0 & us & —vs ),

m (vs vs- )f"(us) = ,'ns Q—m /2rrkT; exp

(3.4a)

functions of the negative ions are [see Fig. 2(b)]

f"(us)= f "(vs)=0 «r lvsl &us

and

(3.5a)

f'"(vs)=ns Qm /2rrkT; exp
m —(vs vs —)

2kT;

for ~vs~ & us . (3.5b)

The functions in (3.4) and (3.5) are normalized to the den-
sity ns of the negative ions at x =xs as in Eq. (3 1').

B. Distribution functions and densities
in the boundary sheath

In order to extend the distribution functions for x =xz
into the interior of the collisionless sheath 0 &x &xz, en-

ergy conservation yields

for the refiected particles (0 & us & vs ),

f"(vs)= ,'ns Q—m /2rrkT, exp
m (vs+us-)

2kT,-

—,'m+ v +qU(x) =
—,'m+ us+qUs

for the positive ions and

—,'m v —qU(x) =
—,'m us —qUs

2

(3.6)

(3.7)

(3.4b)

and for the particles which traverse the sheath
(vs & vs ),

f'"(vs)=0 . (3.4c)

(ii) If vs & —vs most of the negative ions traverse the
sheath and only a few particles in the tail of the Maxwell
distribution are reflected. Therefore the distribution

I

for the negative iona. Substituting us from Eqs. (3.6) and
(3.7) in (3.1'), (3.4a), (3.4b), and (3.5b), introducing
a =ns /ns, for the ratio of the negative-ion density to
the electron density at x =x&, and using the quasineutral-
ity condition n& +n&, =n&+=nz, then because of the
symmetry of (3.4a) and (3.4b) with respect to the substitu-
tion vz~ —

v& the distribution functions of the ions in-
side the sheath are found to be

f+ (x, v ) =nsQm+ /2rrkT, exp

for the positive ions for v &0 and

T

m+ v + [U(x) —Us)
m+

2kT,

1/2

+VS+

(3.8)

1/2

m v — [U{x)—Us] +vs
2

ansf (x ~ I ul ) = Qm /2m k—T exp.]+a 2kT,
(3.9)
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for the negative ions with f (x, i v
~

) =f (x, v ) +f (x, —u ).
The ion density within the sheath can be obtained by integrating the distribution functions (3.8) and (3.9):

n+(x) =
1/2 (z —vs+ )exp

m+z 2

2kT,
1/2 (3.10)

(z —vs+) — [U(x)—Us]

for the positive-ion density and

n (x)=

m z 2

2kT,
(z —us )exp1/2

an&

(z —vs ) + [U(x) —Us]

' 1/2 (3.11)

for the negative-ion density.
In (3.10) and (3.11) the substitutions z=Qv +(2q jm+)[U(x) —Us]+us+ and z'=vs +Q(2qlm )[Us —U(x)]

are used.
The electrons are described by the Boltzmann distribution

ns
n, (x)= exp1+a

q[U(x) —Us ]
kT,

(3.12)

C. Electric field in the boundary sheath

From Poisson's equation

(3.13)b, U= [n, (x)+n (x) n+(x—)]
E'p

together with Eqs. (3.10)—(3.12) the following differential equation for the electric potential inside the sheath is ob-
tained:

Eo

sq

dx

q [ U(x) —Us] a m

1+a exp
kT,

+ 1+a 2mkT,

1/2
m z 2

(z —vs )exp — dz

' 1/2

(z —us ) + [U(x)—U, ]

m+
2mkT;

' 1/2 (z —us+ )exp
m+z 2

2kT,.

1/2 (3.14)

In plasmas with negative ions there is a deviation from quasineutrality at the interface between the presheath and
sheath in contrast to the plasmas without negative ions (see Sec. VII). For simplicity it is assumed here as a first ap-
proximation that the deviation from quasineutrality is small and that the boundary conditions at x =xs are given as
usual [3,4] by d Uldx =0 and U(xs ) = Us. A first integration of Eq. (3.14) at T, ))T, leads to

dg
d

= —&8f(y)

with

1 P+ tpf(p)= exp1+a 2

ap+~ ep+~+ 1+a 2~

1/2

f „(i)+I) +—1—
p+

1/2 e~p+
ri 1(i)+1)e—xp —— i) 1i)

2

e
+p+ 2'

1/2

g+1 —1+
1/2

—i) —1 (i)+ 1)exp
—ep

2
(3.16)
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Here the following notations are used:

m+ vs+ 2q( U Us)

kT,

vs+

2m +vs+P-=
kTe

X Te8=
D I

Pl vs
2

2m+ vs+
1/2

eokT,

q ns2

(3.17)

IV. GENERALIZED BOHM CRITERION

In the extension [5—8) of Bohm s criterion to plasmas with negative ions, the capture of negative ions by positive ions
through Coulomb collisions is not taken into account. Usually the Boltzmann distribution function is used for the neg-
ative ions in the same way as for the electrons. In this work Bohm's criterion is generalized to the case where not only a
positive-ion flow but also a negative-ion flow traverses the boundary between the sheath and the presheath. It is as-
sumed that the flow velocity exceeds the ion thermal velocity,

p» —.1
(4.1)

This is contrary to the case (P =0) treated in [5—8].
In order to obtain in (3.15) a real solution for the electric potential, the function f(y) must be positive. In the vicini-

ty of x =xs the function f(qr) is approximated by a series expansion in 5=y —P+,

P+a8
't) d

1 ~ 1

2 exp
P+&n —

& (g+I)

1 1 af(y) =
2 exp

8 1+a P+vVm(1+a) —
& (g+1)

' 1/2P.8, P.82n'"
2

1/2
P+a8

2

5'+ . &0 (4.2)

For 8» 1 only the contributions from
~ g~ && 1 are of importance in the integrals. Therefore, the integrands can be ap-

proximated by a series in g. After integration there results

1

1+a
a 1

1+a P
1 3 a 1 12+ 2P+ 8 1+a p' p'

.5'+ &0 . (4.3)

For 5—+0 and 8»1 there results from (4.3) the condi-
tion

1+a a
P+ —3/8 P —3/8 (4.4)

The parameter values, which satisfy Eq. (4.4), lie outside
of the hatched region of the P+-P plane of Fig. 3. At
x=xs the positive ions have a larger velocity than in
plasmas without a captured negative-ion flow. In the
case of T; =0 there result two conditions from Eq. (4.4)
for the velocities vs+ and vs . The left-hand side of Eq.

I

(4.4) is positive. Therefore 1 —a/P &Oand there results

us & akT, /m =us (4.5a)

vs+ +2 1+a
1 —akT, /m vs

kT, /m+ =vs+ . (4.5b)

The inequalities (4.5a) and (4.5b) correspond to the Bohm
criterion if the condition (4.1) is satisfied. In the limit
a~O the criterion (4.5b) coincides with the usual Bohm
criterion of plasmas with positive ions only.

for the negative-ion velocity vs . Using the definition
(3.17) of P+ and P Eq. (4 4) can be written in the form

V. REFLECTION OF THE NEGATIVE IONS

0

FIG. 3. Bohm limit in the P+ —P plane.

Because of the small mass of the electrons the plasma
potential is usually positive with respect to the electrodes.
In the collisionless sheath the positive ions are accelerat-
ed to the electrodes. The negative ions are slowed down
and are eventually reflected by the electric field. This
reflection is discussed in Sec. VA for T; =0 and in Sec.
V B for finite ion temperature.
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A. Reflection of a cold negative-ion flow for T; =0

1. Criteria for ion reflection for T; =0

Ne gati Vr —inil —
1 t. I l eCt I Ofl

litllit [ t.. q. ( &.3 ) )
NCg;itiVt. —iun —C;lPtut C

Illllit [Ct). (5.4) ]

If the thermal motion of the ions can be neglected in
comparison to that of the electrons, all negative ions
enter with the same velocity vz and are slowed down
within the sheath [see Eq. (3.7)]. If

3

2 0 = 100

g BO till 1 l I tl1 11'

y~D, . ,
''

U(0) —Us ( —
Us

2q

the negative ions are reflected totally (Fig. 4). At the
point of reflection x =x„

01 0.2 0.4 0.5

m
U(x„)=U, —

U,
2q

(5.1)

FIG. 5. a-p+ parameter plane for p =0.9.

1/2

1+a a P+

+p+
' 1/2 ' 1/2

(5.2)

The negative ions are reflected if the square root
Ql+(I —y/p+)/a on the right-hand side of Eq. (5.2)
vanishes; this means if ~p=(1+~)p+. For this value of q&

the right-hand side of Eq. (5.2) is real only if

1a~a*=
&I+ s.

1 —exp( —P+s/2)1—
P+(&1+a—1)

(5.3)

Equation (5.3) is the condition for the negative ions to be
reflected.

In addition a is limited by the condition (2.16). As-
suming to a first approximation that n /n+ is constant
in the presheath, condition (2.16) for the negative-ion
capture can be formulated as an upper limit for a:

v +m —v„m+
v„m+

(5.4)

Fill/I

I

I

I

I

I

0+
!

I

I
sheath I

lj(

1'

/w'a l////)'&////'
electrode
iYIJYrJYlJXfY

Oe-

1

j/, I I

I I

&L

xs

I

I

x=Q

FIG. 4. ReAection of the negative ions in the sheath.

For cold ions (T; ~0) the integrals in (3.16) can be calcu-
lated analytically and the differential equation for the
electric potential is found to be

dy — 1 P+ tf'

In Fig. 5 the reflection limit a=a'(p+, s) corresponding
to Eq. (5.3), Bohm's criterion (4.5b), and condition (5.4)
are plotted in the a-p+ plane for p =0.9. The solid
lines refer to T; =0 and the dotted lines to
6=T, /T; =100. The a-p+ plane is separated by these
limiting lines into four regions: (i) In region D the cri-
terion (5.4) for the capture of negative ions is not
satisfied. (ii) In region C Bohm s criterion is not satisfied,
therefore a stationary sheath does not exist in this param-
eter range. (iii) In regions A and B the Bohm criterion
and condition (5.4) are satisfied. (iv) In region A the in-
equality (5.3) is valid and the negative ions are reflected.
(v) In region B the inequality (5.3) is not satisfied; there-
fore the negative ions are slowed down and they fly to the
electrode.

2. Numerical results

The numerical solution of Eq. (5.2) with the boundary
condition ip(x =0)=go differs in regions A and B

a. Region A. The calculated electric field E, normal-
ized by E*= kT, /2q A.ri,

—the normalized electric poten-
tial y, the velocities of the positive and negative ions,
normalized by the velocities at x =xz, and the electric
charge density p, normalized by qn& inside the sheath as
functions of the distance g from the electrode, are plotted
in Fig. 6(a) for region A. The positive ions are accelerat-
ed to the electrode and the negative ions are slowed down
and then reflected at )=(„.The normalized potential in-
creases monotonically in approaching the electrode. The
electric field has a maximum at ()g„and a minimum at
the point of reflection g =g„.In the neighborhood of
g=g„the velocity of the negative ions becomes small and
therefore the density of these ions becomes larger than
the positive-ion density and a double layer is formed. An
increase of the relative negative-ion density u leads to an
increase of the number of the reflected negative ions and
of the changes in the field with more pronounced maxima
and minima. For a=a* [see Eq. (5.3)] in the reflection
point the field vanishes: E(g„)=0.This situation is plot-
ted in Fig. 6(b).

b. Region B. In region B of Fig. S with o. &a*, the
density of the negative ions during slowing down is large
enough to produce a negative-ion concentration for a
change in the sign of the electric field. In this case after
reaching a minimum velocity, the negative ions will be
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p+ —p —pmax '( ( (5.5)

Also y,„must be less than (I+~)p+ to get a real value
for the electric field from Eq. (5.2). The voltage between
plasma and electrode is limited at the cathode by the
large number of the negative ions which decrease the neg-
ative floating potential. As the voltage between cathode
and anode changes the voltage between cathode and plas-
ma remains in the interval given by (5.5); the maximum
will be shifted in the sheath to the corresponding distance

accelerated again to the electrode with no reflection.
The potential y, electric field E, negative-, and

positive-ion velocity v+, and charge density p are plotted
in Figs. 7(a) —7(e) as functions of g for typical parameter
values a=0.3, p+ =2, a =0.5, and 6= Dc. It is shown
that the positive ions are accelerated to the electrode up
to the point g;„„,where E(g;„„)=0, and then they are
slowed down on their way to the electrode [Fig. 7(b)]. In
contrast, the negative ions are slowed down up to g=g;„„
and then they are accelerated [Fig. 7(c)]. In the neighbor-
hood of g=g;„„adouble layer develops inside the sheath
[Fig. 7(d)]. The normalized voltage qr has a maximum at
(=g;„„[Fig.7(e)] and its value is limited to the interval

The normalized potential y,„canbe determined
from dqldg=O using Eq. (5.2), so that

P

1 —exp
p+ pmax

2
1/2

1 0'max—alrP+ ~ 1+—1—
a p+

—
( I+a)P+ 0 max

' 1/2

—1 =0.

B. Reflection of negative ions for finite T;

To characterize the structure of the collisionless sheath
for finite T; it is useful to consider again the a-p+ plane
of Fig. 5. The separation lines between regions A and B
and regions B and C are shifted for finite e))1 in com-
parison to the lines for e= 00 by a small amount. This is
shown in Fig. 5 for finite T; (e= 100) by the dotted lines.

To obtain the electric potential as a function of g, Eq.
(3.15) is integrated numerically with the boundary condi-
tion y(x =0)=go.

i',a,'i
1. Region A

In Fig. 8 two typical results for region A are plotted.
The dependence of the normalized potential, electric
field, and electric charge density on g are shown for the
parameter values e=100, p+=1.5, and a.= l. Figure
8(a) shows results for a =0.1; the normalized electric field
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FIG. 6. (a) Sheath structure in region A for a=0.08, P+ =2,
~=0.5, and e= 00. (b) Sheath structure for a=a*=OP1017,
P+ =2, v=0.5, and e= ao.

FIG. 7. Sheath structure in region B for a=0.3, P+=2,
a =0.5, and e= 00.
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P =3.44(( 1 —0. 1308P+ )(1+0.304 65(+0.0487$

+0.0102$ ) . (5.8)

Relations (5.7) and (5.8) are valid in the limit T, /T, ~0.
The dependence of E,„one can be seen in Fig. 11,
where the E(g) dependences are shown for different 8
values for a=a'.

F&G. 11. E(g) at a=a for various ion temperatures: (a)
8= 00, a =0.1065, (b) 8= 1000, a =0.1242, (c) 8=500,
a=0. 1307, (d) 8=200, a=0. 1409, and (e) 8=100,a=0. 1506.

VI. INFLUENCE OF THE EMISSION
OF SECONDARY ELECTRONS

The emission of secondary electrons at the electrode is
an important process in the mechanism of glow
discharges. It also influences the structure of the bound-
ary sheath. The model used here is easily extended to
these electrons. The emission of the secondary electrons
by the impact of positive ions on the electrode is modeled
in this section by an additional electron flow with the
density nz~=ynz and the average velocity uz at x =x&
with a thermal velocity spread characterized by the tem-
perature T~ =8T, . At x xz the plasma is considered to
be quasineutral, so that n& =n&+ =nz, +nz~+ nz

A. The structure of the Sield in the sheath

The motion of the secondary electrons again is con-
sidered collisionless in the boundary sheath, so that the
density n~ of the secondary electrons inside the sheath
can be obtained from the energy conservation and con-
tinuity equation as a function of the electric potential.
Introducing this additional density in the Poisson equa-
tion (3.13), the influence of the secondary electrons on the
field in the sheath can be determined. After integration,
an equation similar to Eq. (3.15) results with the function
f(y) given by

f(g)=(1—y)
1

1+a exp
p+ —

q

2

' 1/2
ap+a ep+a+ 1+a 2m

~+1 2+
p~

1/2 esp+—
7)

—1 (rl+1) exp — g dpi
2

»+v+ri P+
2

1/2

~+1 2+
"ly p+

1/2
—ri —1 (rl+1) exp

e,
+p+ 2'

' 1/2

g+1 —1+—1 p+

' 1/2 ep, ,—r) —1 (rl+1) exp —
rl dpi .

2
(6.1)

Here the notations

1 to
g = —1+ —1

p p+

m+vs+ 2q(Uo Us)
0'o

kT,
2

me vs' 0 op- —1+c,
m, v,', p+

and

1/2

I

secondary electrons change the electric field to lower
values especially in the vicinity of the electrode, where
they are moving slowly, and in the region where the nega-
tive ions are reflected. The influence of the secondary

0.5-

0.4

0.3
0.2

01

2
mevpy

2m+ vz+

-010
Y =0.02

10 15 20

are introduced with the potential Uo at the electrode and
the emission velocity uo~ of the secondary electrons.
Typical results for plasmas with negative ions and
without negative ions are shown in Figs. 12 and 13. The

FIG. 12. The inhuence of the secondary electrons (y =0 and
0.02) on the structure of the electric field and of the charge den-
sity in the sheath for plasmas with negative ions for 8=100,
P+=1.5, a=0. 138, s= 1, 8=10, and s= l.
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FIG. 14. Experimental points of Ref. [10] (small squares) and
the theoretical curve for the electric field (solid line) with
a =0.727, P+ =45, a =0.95, 6= 100, T, =2. 1 eV, and
n, =1.16X10' cm

FIG. 13. The influence of the secondary electrons (y=0,
0.05, and 0.1) on the structure of the electric field and of the
charge density in the sheath for plasmas without negative ions
for 6=100,P+ =1.5, a=0, Ir= 1, 8=10, and e= l.

electrons increases if the relative density y of these elec-
trons increases and if their initial velocity Uoz decreases.
The thermal velocity spread is of negligible infiuence for
5 (8& 100. For large values of y and small values of Uo~

the electron density in the vicinity of the electrode be-
comes larger than the positive-ion density and a "virtual
cathode" develops. In this case the electric field has an
additional maximum in the sheath.

B. Bohm's criterion in the presence
of secondary electrons

Similar to Sec. IV 4, Bohm s criterion can be derived
from Eq. (6.1):

1 —y (1—y)a y 1

1+a (1+a)P Pr P+
(6.2)

+ (1—y.y 1

r +
(6.3)

This relation can be interpreted similar to Eq. (4.4) in
Fig. 3.

with Pr=m, vsr lkT, . Therefore the secondary electrons
lead to an increase of the limit for Uz+ compared to the
case y =0.

For a plasma with no negative ions there results from
(6.2)

VII. COMPARISON WITH EXPERIMENTS

Measurements of the electric field in the cathode fall
are published in the papers of Gottscho et at. [9,10] for rf
glow discharges at 50 kHz in BC13. In both cases double
layers are observed in the cathode sheath [see Fig. 8 of
Ref. [9] for n (rut ~ —'„'m. and Fig. 3(b) of Ref. [10] for
rot =

—,",m]. These figures are similar to Figs. 6, 8, 11, and

12 of this work.
For a comparison of the experimental results with

theory, Fig. 3(b) of Ref. [10] for rot = —'„'m is reproduced
here in Fig. 14 by the small squares. One of the theoreti-
cal curves obtained by integration of Eq. (3.15) is given
by the solid line. Good agreement between the theoreti-
cal and experimental results is obtained with the parame-
ter values indicated in Fig. 14.

The integral (3.15) with f(y) given by (6.1) depends on
the eight parameters a, p+, y, e, Itt, 8, a, and e. There-
fore many possibilities to get good agreement with the ex-
perimental values of Fig. 14 exist also for other parame-
ter combinations. Such examples are given in Table I.
Here it is assumed that 8=100 and that the coupling be-
tween the positive and negative ions in the bulk plasma
and in the presheath by Coulomb collisions is strong
enough to take it=0. 95. For p+ different values in the
interval 20 ~ p+ ~ 52 were chosen. For each p+ value the
parameter a was varied until the best agreement of the
theoretical curve with the experimental values was ob-
tained. The Debye length A,D and the electric field E' are
determined by comparison of the theoretical curves with
the experimental results. From A,D and E* the electron
temperature T, and the electron density n, are calculated
for each case. From the computed values given in Table
I the product p+kT, is constant. This is a result of the

TABLE I. Several parameter sets that describe the experimental values shown in Fig. 14 as described
in the text.

kD (mm) —E* (kV/cm) kT, (eV) n, (cm ) P+kT, (eV)

0.695
0.702
0.708
0.715
0.721
0.727
0.67

20 0
25 0
30 0
35 0
40 0
45 0
52 0.1

0.95
0.95
0.95
0.95
0.95
0.95
0.95 0.025

0.15
0.135
0.125
0.115
0.107
0.1

0.087

0.155
0.14
0.13
0.12
0.11
0.105
0.104

4.65
3.78
3.25
2.76
2.35
2.1

1.81

1.14x10"
1.14x10"
1.15x10"
1.15x10"
1.13x10"
1.16x10"
1.32x 10"

93
94.5
97.5
96.6
94.2
94.5
94.1
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are valid within the collisionless sheath between the inter-
face xz and the cathode. In the interval between x& and

xz a separation of the electron gas from the ion beam be-
gins and the plasma is non-neutral in the region
x, &x &xz. Here strong electric forces accelerate the
positive ions and with them the captured negative ions
before they reach xz. This effect explains the large P+
values.

VIII. CONCLUSIONS

FIG. 15. The change of the collision process in the vicinity of
the cathode.

energy conservation: the kinetic energy of the negative
ions at x =2.25 mm must be equal to the potential energy
at the reflection point at x =0.75 mm. The potential en-
ergy can be obtained by integrating the experimental field
intensities from x =2.25 mm to x =0.75 mm, with the
result —,

' m vz =45 eV. This leads to
P+kT, =m vz la.=94.7 eV. The calculated numerical
values of T, and n, in Table I are reasonable. The large
value of p+ is surprising, and is a result of the following
effect: Because of the large difference in the presheath
between the collision frequencies v + and v, [see Eqs.
(2.4)-(2.6)], there exists a distance x, from the cathode
(Fig. 15), where the collisions of the ions with the elec-
trons can be neglected. The collisions between the nega-
tive ions and positive ions are still important and the neg-
ative ions are still captured by the positive-ion beam at x,
until they reach the distance xz near the cathode, where
v + is also negligible. The basic equations (3.6)—(3.14)

The structure of the plasma boundary sheath (electric
field, particle motion, charge distribution, Bohm cri-
terion) determines the physical processes at the electrode
surface, the current-voltage characteristics and the float-
ing potential. For applications of plasmas to materials
processing, e.g., thin-film etching and deposition, the pro-
cesses in the boundary layer between the plasma and the
surface is of paramount importance. In the present paper
the traditional theory of the collisionless sheath for plas-
mas with positive ions is extended to plasmas containing
also negative ions and secondary electrons. It is shown
that for small concentration of the negative ions, these
ions can be captured by the positive-ion flow and can be
reflected inside the sheath. This process can explain the
experimentally observed double layers [9,10] and the cor-
responding maximum of the electric field in the sheath.
A second process, which can lead to a maximum of the
electric field in the collisionless boundary sheath is the
emission of the secondary electrons at the electrode. In
this case a "virtual cathode" can develop.
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