A Time-Average Model of the RF Plasma Sheath
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ABSTRACT

A time-average model of the RF plasma sheath was developed. The ion “fluid” equations were used with a frictional
force to account for ion-neutral collisions. Consideration of the collision dynamics showed that the frictional force may be
taken as proportional to the square of the ion drift velocity. The sheath model was used to investigate the ion energy and
flux on the electrodes of plasma reactors. The dimensionless quantity Co (collision number) was found to be important in
describing the ion motion in the sheath. An analytical expression for the ion bombardment energy was derived, in terms
of Co and the sheath voltage, for the range of parameter values typical of high pressure (~1 torr) diode plasma etchers. An
application of the model to an oxygen discharge in a parallel plate reactor was considered. Over the parameter range inves-
tigated, the ion bombardment energy was found to be only a few tens of eV, much lower than typical sheath voltages
(~200V). The ion bombardment energy was found to be a function of the sheath electric-field-to-pressure ratio. The model
provides a framework that can be incorporated into more general plasma reactor models which consider transport and re-

action phenomena along surfaces undergoing etching.

Within the last decade, dry etching using an RF diode
discharge in a chemically reactive gas has become a wide-
spread technique in the fabrication of microelectronic de-
vices. Under conditions of relatively high pressure (~1
torr) and high frequency (~10 MHz), an RF discharge of
this kind may resemble an ideal, nonequilibrium, slightly
ionized plasma separated from wall and electrode surfaces
by a region of positive space charge or sheath. In the
sheath region ions are accelerated toward electrode or wall
surfaces by the electric field present due to the space
charge. In their transit through the sheath, ions may exper-
ience collisions, mainly with neutrals owing to the low de-
gree of ionization (107%). Such collisions serve to reduce
the energy and randomize the ionic motion. Determination
of the ion flux and the energy and angular distribution
functions of ions striking the electrodes of plasma reactors
is of significant technological interest in semiconductor
processing. Such quantities affect both the etching rate
and the degree of anisotropy in plasma etching applica-
tions. The purpose of this paper is to develop an approxi-
mate model to investigate the behavior of ionic species
within the high field sheath regions of a gas discharge.

Quantities that affect the energy and/or directionality of
bombarding ions include the sheath electric-field-to-
pressure ratio (E/p) (1, 2), the applied frequency (3), and the
nature and topography of the surface (4, 5). The quantity
E/p is a measure of the energy imparted to an ion by the
electric field over the distance of one mean free path. Fre-
quency has a pronounced effect on ion bombardment
energy. At low frequencies ions can respond to the instan-
taneous sheath voltage and, in the absence of collisions,
the maximum jon energy would correspond to the peak
sheath voltage. At high frequencies, ions respond to a
time-average sheath potential. The transition from low to
high frequency regime happens at about 1 MHz (3, 6). The
present study emphasizes applications at 13.56 MHz.
Hence ions can be regarded as responding to an average
sheath voltage (7), so that an equivalent dc model of the RF
sheath may be applied. Further, if the sheath is thick com-
pared to the ion mean free path, the ion bombarding
energy would lie well below the average sheath voltage.
However, if the sheath thickness is comparable to the
mean free path, the ion energy would extend close to the
average sheath voltage.
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A rigorous approach to solving for the particle transport
in the sheath would require consideration of Boltzmann-
like kinetic equations for the ions, electrons, and neutrals,
coupled to the Poisson equation for the self-consistent
electric field. Solution of the coupled integro-differential
equations subject to appropriate boundary conditions
could yield the corresponding distribution functions.
Such an approach is invariably difficult, although progress
has recently been made in solving for the spatiaily depen-
dent energy distribution functions of ions, electrons, and
fast neutrals (resulting from charge exchange collisions) in
a time-independent sheath (8). Another approach is to em-
ploy the Monte Carlo method as demonstrated by Kushner
(9). A simplified approach was taken in the present study
motivated by the fact that a reasonable sheath model be
developed, yet simple enough to be readily incorporated
into a more general plasma reactor model. Thus, in the
present sheath model, the ion “fluid” velocity was found
by coupling the equations of continuity and motion of the
ion “cloud” to Poisson’s equation for the potential distri-
bution in the sheath. Time-averaged quantities were used
throughout, i.e. an equivalent de model was employed.
Equivalent dc models of RF sheaths have been used be-
fore (10). Their advantage is the simplicity of the calcula-
tion. Their disadvantage is that they are not applicable to
low frequency (<10 MHz) operation and that they provide
only the average ion energy and not the ion energy distri-
bution.

Model Formulation

To eliminate edge effects and to reduce the dimensional-
ity of the analysis, the sheath shall be considered as an in-
finite planar sheet of finite thickness between an infinite
planar absorbing surface and a semi-infinite plasma.
Within the sheath the medium shall be regarded as two in-
terpenetrating fluids composed of neutral gas molecules
and singly charged daughter ions, respectively. In all
cases, the neutral fluid will be taken to be in thermal equi-
librium at some ambient temperature, T. The ions and the
neutrals are of equal mass, m. The electron density will be
taken to be negligible since the sheath is a region of posi-
tive space charge (i.e., deficient in electrons). If one further
assumes the absence of temperature gradients and strong
magnetic fields, the behavior of the ion fluid can be de-
scribed by three coupled differential equations
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Here, the coordinate x is in the direction normal to the pla-
nar boundary surfaces defined previously. Equation [1] is
the ion continuity equation. It contains no source term
and, thus, embodies the assumption that the ionization
rate is negligible within the sheath in comparison to the
plasma or glow region. This assumption is consistent with
the assumption of negligible electron density since elec-
tron impact is usually the dominant ionization mecha-
nism. Equation [2] is the equation of motion for the ion
fluid with u; denoting the average ion velocity. The two
terms on the right-hand side account, respectively, for the
effect of the sheath electric field and the effect of the dy-
namic frictional force, F,, due to interaction with the me-
dium. Equation [3] is Poisson’s equation which relates the
divergence of the electric field to the space charge density.

Dynamic friction.—The preceding set of equations is
closed in all quantities except the frictional force, F;. In
this section, a form for F; as a function of molecular dy-
namic parameters and the average ion velocity, u;, will be
obtained. To begin, one notes that within a slightly ionized
discharge, the great majority of collisions experienced by
any given ion are binary encounters with a neutral gas
molecule (shown schematically in Fig. 1). Phenomenologi-
cally, one can express the dynamic frictional force as an
average over all possible collisions of a “test” ion moving
at a velocity, u;, with a thermal distribution of neutrals. Re-
striction of consideration to spherically symmetric ion-
molecule interactions yields the expression

F.— g J " dy siny J dg gotx, 9) Aitx, £IAV) [4]

where g is the relative velocity of the test ion with respect
to a gas molecule (g = |g)) and x is the collisional scattering
angle (see Fig. 1). The function, a(x, g), is the differential
collision cross section for the ion-molecule interaction and
Aui(x, g) is the collisional change in the component of the
ion velocity parallel to the X-axis (i.e., normal to electrode
or wall surfaces). The molecular velocity distribution func-
tion, flv), is taken to be a Maxwellian
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where the molecular velocity magnitude, v, is

v =Vg? - 2gu; cosh + u? [6]

and the angle § is taken between the relative velocity g and
the X-axis.
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Fig. 1. lon-molecule collision geometry
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For mathematical convenience, the differential collision
cross section will be assumed to be independent of g [i.e.,
ol(x, g) = o(x)] and Au(x, g) will be assumed to be of the form

Auix, ) = — g cosb £x) [7]

Physically, this corresponds to a hard sphere description
of the ion-molecule interaction. Such a description is plau-
sible since the collisional kinetic energy is generally quite
large and the repulsive core of the interaction is dominant.
Of course, a hard sphere interaction neglects the energy
dependence of the cross section. Conceptually, the use of a
“soft” interaction (such as a Lennard-Jones 6-12 potential)
would present no difficulty except for more laborious
computations. However, the value of such increased so-
phistication is questionable since (i) F; is an integral quan-
tity and is not strongly dependent on the detailed nature of
the interaction, and (ii) in the approximate sheath model,
the ion energy distribution is replaced by the average ion
energy.

One can substitute Eq. [5]{7] into the expression for F;
Eq. [4], and integrate to obtain

2
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In the present case, ions have kinetic energies which are
much larger than kT, hence, the preceding expression can
be simplified by the assumption mu? >> 2kT

F,= — 2m mNu? f " dx sin xoGOEN) (9]

Thus, the frictional force is approximately quadratic in u,.
It is convenient to define a frictional coefficient, «,, such
that

Fi = - uiui2 [10]

where
o = 2n mN f“ dx sin xo (&) [11]

The coefficient can be evaluated if specific forms are given
for o(x) and (). For elastic hard sphere interactions

oa(x) = m D? [12]
1
&x) = 3 (1 -cosy) [13]

Then, the frictional coefficient takes the form

w mN D?
@ = — [14]

Charge exchange collisions can be treated as grazing en-
counters which, if there were no charge exchange, would
have a scattering angle near 0. However the effect of the
charge exchange is to change the scattering angle to near =
radians (for equal ion and neutral masses). If the constant,
De, is defined as an effective diameter appropriate to
charge exchange, the charge exchange cross section can
be given an idealized form

3w — %)
Gexl) = T DEXZTHXX« [15]

where 3(w — x) is the Dirac delta function. Dynamically, all
charge exchange collisions are being treated as if x = 7.
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The differential cross section including both elastic and
charge exchange collisions is oy = 04 + 0ex. The form of &(x)
remains as in Eq. [13]. When charge exchange is included,
o, becomes

Nmmw
o = —2— (D? + DD [16}

which suggests that an ad hoc general expression for o; can
be given as

Nm
aj = —Z—Ut [17]

Model equations and boundary conditions.—Equations
[11H3] can be simplified by replacing the instantaneous
field with its time average <E>. Taking into account Eq.
[10] and that

av
<E> = — ™ [18]
x
yields
d
a‘; (mu) =0 191
dui q dv aluiz
Uj— F — e — — ——— [20]
dx m dx m
dwv gn,
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It now remains to impose suitable boundary conditions
on this system of equations. Bohm (27) demonstrated that
ions entering the sheath must do so with an approximate
velocity which is determined by the plasma parameters
characteristic of the glow. If one defines the coordinate ori-
gin, x = 0, to be at the sheath-glow interface (Fig. 2), the
Bohm criterion in a collisionless plasma is

w© = £ [22]

Here, T, is the electron temperature within the glow re-
gion. Typically, in an RF discharge of practical impor-
tance, kT, is from 1 to 10 V.

The essence of the Bohm criterion is that before entering
the sheath, an ion falls through a potential drop of order,
kT./2q, which “leaks” into the glow from the sheath. A po-
tential drop of this magnitude can be sustained within the
glow due to the thermal energy of the electron fluid with-
out grossly perturbing the system away from ideality (i.e.,
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Fig. 2. Schematic of sheath and of sheath/glow interface (not drawn
to scale).
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the glow remains quasi-neutral with approximately equal
ion and electron densities). The Bohm criterion must be
modified when the negative ion density in the glow is large
as compared to the electron density (15).

If one adopts the convention that x < 0 corresponds to
the glow and x > 0 corresponds to the sheath (and/or elec-
trode), one can modify the Bohm criterion to include the
effect of dynamic friction as follows

mui(O)z kTe 0
= - dx |Fj 23
2 ;| e (23]

Thus, the kinetic energy of an ion entering the sheath ap-
proximately equals the potential energy, kT./2, minus
energy lost to friction against the medium. In practice, the
quadrature cannot be evaluated and will be replaced by an
estimate, Ap|Fi(0)|, where \p is the Debye length. The
Debye length is a characteristic measure of the distance
within a quasi-neutral plasma over which a variation in po-
tential of order, kT/2q, is effectively screened out. Conse-
quently, electric fields within the plasma should be no
greater than the order of kT./2g\p. Hence, before entering
the sheath, an ion is strongly affected by electrical and fric-
tional forces primarily within the last Debye length of the
glow (presheath in Fig. 2) before reaching the sheath-glow
interface. Since the average electron energy in the glow as-
sociated with the x-degree of freedom is kT./2q, the sheath-
glow interface is the plane at which the average electron is
reflected back to the glow, leaving the sheath devoid of
electrons, as assumed earlier.

It should be mentioned at this point that the above dis-
cussion associated with the Bohm criterion is most appro-
priate for a dc sheath. For example, periodic electron
“leakage” into an RF sheath, to neutralize the positive ion
flux to a capacitively coupled electrode, would violate our
assumption of the sheath being devoid of electrons.
However, it was felt that, for the present simplified sheath
model, the Bohm criterion may be used [as was done in
previous work on RF sheaths, Ref. (22)] to provide an ap-
proximate boundary condition for the ion current at the
glow/sheath interface. The problem of suitable boundary
conditions at the (imaginary) glow/sheath interface arises
when the sheath is considered separately from the glow.
Such a problem would not exist in a glow discharge model
which is written over the entire interelectrode space (26).
However, such a model is far more complex and does not
serve the purpose of the present work; namely, to provide
a simplified, yet reasonable sheath model which can be
readily coupled to a transport and chemical reaction
model of a plasma etching reactor.

In the present work, the bulk ion density n, was taken to
be constant within the glow up to the glow-sheath inter-
face (x = Q). Thus, the Bohm criterion and quasi-neutrality
provide the following boundary conditions at the sheath-
glow interface

n(0) = n, [24]
kT,
w(0) = AT _ [25]
m + 20(1)\1)
av kT,
i = — [26]
dx |, 2g\p

V(0) can be chosen arbitrarily and will be taken to be zero.
The electrode is assumed to be an equipotential surface

Vid) = -V, [27]

Equation [27] implies that the electrode has a negative po-
tential with respect to the plasma. The three boundary
conditions imposed on potential do not overspecify the
problem since the sheath thickness d is not known
a priori.

It is instructive to render the equations and boundary
conditions dimensionless. By defining

i Vv
nt = 0 gy \/ . (28]
Ty kT, kT,




Vol. 135, No. 3 MODEL OF THE RF PLASMA SHEATH 759
iN
x* = i Co= il [29] 0
Ap m
-
one can rewrite Eq. [19]-{21] to obtain -20 |
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In rendering Eq. [21] dimensionless, the expression for the 0 L e
Debye length A\p = (kTee/n.q>)"* was used. The preceding e
boundary conditions become _ L
100 f-—-—
nHO) =1 wH0) = \/1——12C— [33] =
et -1 200 '
w . V¥0) =0 V*d*) =-Vx [34]
de*|,., 2 - - Distance Into Sheath

The dimensionless quantity Co, hereafter referred to as the
“collision number,” directly affects the energy of ions
bombarding the electrode. With use of Eq. [17] and [29], Co
can be expressed as

1
CO = —i N)\Dﬂ't [35]

Co is a measure of the number of collisions an ion suffers
when traversing the sheath. If the value of Co is small (Co
— 0), such as under low pressure operation, ions free-fall
into the sheath. This is the so-called space charge sheath
limit. In such a case ions bombard the electrode surface
with energy equal to the average sheath voltage. At the
other -extreme of high Co values, ions experience many
collisions during their transit through the sheath and ions
can be regarded in “equilibrium” with the local field. In
that case, ion inertia effects can be neglected (dui/dx = 0),
and the ion bombardment energy will be substantially
smaller than the sheath voltage.

Combining Eq. [30]}-[32] yields

az d 2 1
() + 2C0 —— () = —\——  [36]
da*? da* w* Y1+ 2Co

which was solved for u,*? by a finite difference algorithm.
Equation [33] provided u,**0), one of the two initial condi-
tions required. The second initial condition was found by
applying Eqg. [31] for x* = 0, and using Eq. [33] and [34] to
obtain

dui*z

dx*

=1/(1 + 2Co) [37]

x'=0

After obtaining the drift velocity u* = u;*(x*), Eq. [30] and
[32] were solved simultaneously to find the potential distri-
bution in the sheath. Calculations stopped when the po-
tential attained a value of —V*, i.e.,, when the electrode
was reached, at which point the sheath thickness could be
obtained from the corresponding x* value.

Results and Discussion

Two sets of calculations were carried out, the first being
of general behavior in dimensionless parameter space, the
second being specific to an oxygen plasma in a parallel
plate etching reactor.

Figure 3 shows the dimensionless sheath potential as a
function of dimensionless distance from the glow/sheath
interface (x* = 0) into the sheath, for several values of Co.
The absolute value of the sheath potential increases mono-
tonically with distance into the sheath. For a given dis-

Fig. 3. Dimensionless sheath potential vs. dimensionless distance
into the sheath with the collision number as a parameter.

tance into the sheath, the potential “drop” is higher for
higher values of the coilision number. This is because the
sheath “resistance” increases with Co. In practice, if one
has an estimate of the sheath voltage and of Co, one can
obtain x* from Fig. 3 and in turn the sheath thickness. For
example, in a symmetric discharge (electrode area ratio
= 1), the sheath voltage may be taken as approximately 1/4
of the applied RF peak-to-peak voltage (assuming that
there is negligible voltage drop across the bulk plasma). In
a strongly asymmetric system (electrode area ratio << 1),
the sheath voltage over the smaller area electrode (usually
the powered electrode) may be taken as 1/2 of the applied
RF peak-to-peak voltage (11). The collision number is
given by Eq. [35] and requires knowledge of the collision
cross section, values of which may be found in Ref. (14)
and (16).

The value of x* obtained in the foregoing manner can
then be used with Fig. 4 to obtain the ion velocity (and
energy) for the given Co. As seen in Fig. 4, the ion velocity
decreases with increasing Co because ions experience
more collisions in the sheath. The ion velocity changes
rapidly close to the glow/sheath interface. The current con-
tinuity equation then requires that the ion density falls
rapidly there. For values of Co > 1, the ion velocity quickly
attains a “fully developed” value, changing only slowly
with distance down the sheath. This is the force balance
condition for which the electrostatic force and the fric-
tional force almost balance each other, i.e., ion inertia (ac-
celeration) is negligible (dui/dx = 0 in Eq. [20]). Then, Eq.

[20] yields
E 172
" = (q—> [38)

Q

or, since g, is proportional to pressure p (Eq. [17])

E\12
Uiy ~ (-) [39]
p

This result was obtained by Wannier (12) for the motion of
gaseous ions with fully developed velocity distribution
under a strong electric field (E/p >> 1 V/torr-cm), and con-
stant mean free path ion-neutral collisions (such as in the
case of hard-sphere interactions).

There are some limiting forms of the sheath model
which are amenable to analytical solution. In the “friction-
less” case (Co — 0), Eq. [36] can be solved analytically to
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Fig. 4. Dimensionless ion drift velocity vs. dimensionless distance
into the sheath with the collision number as a parameter.

obtain an explicit expression of ion velocity vs. distance
into the sheath

585 3 585 o7
u*r=ldy+-—+z| +|dy+t——-=z "3 [40]

512 512
with
Y= 9x*? . 33x* [41]
16 64
and
Z=3(1‘*+%) \/y+2—2 [42]

For large x*, the terms containing x*? dominate and Eq.
[40] is simplified to

g\ 173
ui* = (5) (@) [43]

Furthermore, in the frictionless case u;* = V1 — V* For
large x*, for which [43] is valid, —V* >> 1 (recall that V* <
0), and

w* = V-V* [44]
Noting that I. = gnu, taking into account Eq. [44], and in-
troducing dimensional variables into Eq. [43], results in the
high vacuum version of the Child-Langmuir law

de, (2q\12 V2
L= <E) = [45]

Another limiting case results when electrostatic and fric-
tional forces balance each other, i.e., when ion inertia can
be neglected. For any finite value of Co, this will happen at
sufficiently large x*. The higher the value of Co, the sooner
the ion will attain the force balance condition.

When ion inertia ic neglected, the sheath equations can
be integrated directly to yield

3 13
o~ (i) =ror
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The integration constant C can be eliminated by using
boundary condition Eq. [33]. Then

2Co
C= [——] [47]
3(1 + 2Co)

However for the large x* for which Eq. [46] is valid, C can
be neglected compared to x*, and Eq. [46] reduces to

3 13
= o 48
(ZCO V1 + 2C0) ( (48]

In addition, integration of Poisson’s equation yields for the
case at hand (and for high x*)

—— 9[ 2Co

113
— ® 4 ()5
10 131 + ZCO)] @+ O [49]
Equation [48] and [49] indicate that for any finite value of
Co, u; will become asymptotic to a one-third power law
and V will become asymptotic to a five-thirds power law
with respect to x*, as x* — «=. The above limiting cases are
displayed in Fig. 5 where the complete solution (solid
lines) is compared to the asymptotic solutions. If Co = 0,
the complete solution almost coincides with the Child-
Langmuir law, Eq. [43] (dash-dotted line). For Co =~ 1, the
complete solution is virtually identical to the approximate
solution Eq. [48]. In fact, for x* greater than about 10, Eq.
[48] is a good approximation for values of Co = 0.1.
Consider now the range of values of Co that would be en-
countered in practice. For O, moving in its parent gas, for
example, the total collision cross section has been re-
ported as ¢, = 5.5 107 em? (16). For ClL,* in Cl,, o, = 2.67
1071 ¢m? (14). Therefore a typical value of o, may be taken
as 5 1071% cm?. For a high pressure plasma etching reactor
for which p = 0.5 torr and T = 350 K, the gas density is N =
1.38 106 em™; a typical value of Ap is 100 um or 1072 em.
Then Eq. [35] yields Co = 0.5. Further, a typical sheath
thickness is a few mm, i.e., x* is a few decades. As shown
above, under these conditions, Eq. [48] and [49] are good

100
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Fig. 5. Dimensionless ion drift velocity vs. dimensionless distance

into the sheath with the collision number as a parameter. , Nu-

merical solution to Eq. [36]; —-—, analytic expression Eq. [43]; - - - -,
analytic expression Eq. [48].
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approximations. Then, by eliminating {(x* + C) between
these two equations, one has an expression for the ion
bombardment energy as a function of the sheath voltage,
applicable to relatively high pressure plasma etching re-
actors
(_1ov*)2/5
(w*)? = [50]
(2Co)¥5(1 + 2Co)'»

Equation [50] provides the dimensionless ion energy as a
function of the dimensionless potential down the sheath
(V*), for relatively high values of Co. The ion bombard-
ment energy can be obtained when the sheath voltage (V,*)
is used for V*. As an example, consider a sheath voltage V
= ~250V and a plasma electron temperature T, = 4 eV.
Then V* = —250/4 = —62.5. Assuming Co = 0.5, as calcu-
lated above, one finds (4;*)? = 11.4 and the ion kinetic
energy € = 1/2 mu® = 11.4 - 2 = 22.8 €V. This would be the
energy in ordered motion. The total ion bombardment
energy would be ¢, = 22.8/0.559 = 40.8 eV (see Eq. [52]
below).

Besides considering the general characteristics of the
sheath, the model was also applied to an actual plasma
etching reactor. The experimental system has been de-
scribed elsewhere (13). Briefly, an oxygen discharge was
used to etch polymeric films in a showerhead parallel plate
single-wafer etcher. The substrate wafer was resting on the
grounded electrode. The average plasma (and ground
sheath) potential (V;) was estimated from measurements
of the RF peak-to-peak applied voltage (V,;) and of the de
self-bias (V) with the equation V, = (V /2 + Vg )/2 (11).
The dc bias was small in the approximately symmetric sys
tem used. The above equation for V, is not applicable
when a substantial voltage drop occurs across the bulk
plasma, such as under conditions resulting in low electron
mobility and/or density. However under typical conditions
(~1 torr, 100W) it was found that the plasma resistance
(~10Q) was small compared to the sheath impedance
(~1500) suggesting that the voltage drop across the bulk
plasma was typically small. The average electron density
and temperature were found as described in Ref. (13). The
purpose was to calculate the energy and flux of ions bom-
barding the substrate electrode as a function of reactor op-
erating pressure and power input. These quantities have
direct bearing on the etching rate and the degree of anisot-
ropy of films.

Oxygen discharges are known to be electronegative, i.e.,
the negative ion density can exceed the electron density.
However, for a pressure of 1 torr, Dettmer (23) found that
the density of the dominant negative ion (O7) in a de oxy-
gen discharge became small, compared to the electron
(and positive ion) density, for reduced electric fields in the
bulk plasma Ey/N = 55 Td (1 Td = 107Y" V-cm?). The re-
duced effective electric field (24) E.¢#/N in the bulk plasma
was calculated to be typically above 50 Td in the system
studied. Under the assumption that a high frequency (and
relatively high pressure) RF discharge of a given E/N is
comparable to a dc discharge with the same E,/N, the nega-
tive ion concentration may therefore be neglected for the
system at hand. However, since the present sheath model
pertains to electropositive gases, application of the model
to an oxygen discharge should be limited to conditions
under which the negative ion density is low.

The ion kinetic energy owing to the drift velocity is ¢ =
1/2 mu? By defining a dimensionless ion energy * =
2¢/kT, one finds by using u,* from Eq. [28]

& = (u*)’ [51]

This is the ion energy in ordered motion (associated with
the ion drift velocity). However the total ion energy is
higher since ions also have a random velocity component.
It is the total ion energy which affects the etching kinetics.
For the constant mean free path case considered here,
Wannier (12) obtained a relationship between the ion ki-
netic energy in ordered motion and the total average ion
kinetic energy, which can be expressed here as

€.* = ¢%/0.559 [52]
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One notes that a significant fraction of the total ion energy
is associated with random motion. Equation {52] holds in
the high pressure regime where the ionic mean free path is
much less than the sheath thickness, so that the ion veloc-
ity distribution function is well developed. Use of Eq. [52]
under low pressure conditions will overestimate the total
ion energy. The dimensionless ion flux is

I,*= ui*ni* = l/m [53]

Quantities such as €,* and I.* can be used in models for
the ion-assisted kinetics to predict the ion-assisted etching
rate. This can in turn be used in transport models of
plasma reactors (13).

Figure 6 shows the dependence of-ion bombardment
energy on reactor pressure for different values of power
input. Ion energies are indeed low. This is a result of the
combination of low sheath voltages (~200V) and many ion
collisions in the sheath, at the relatively high pressures
used. The situation may be drastically different in low
pressure (~10 mtorr) reactive ion etching reactors with the
wafer resting on the (high sheath voltage) smaller size elec-
trode. Ion energies as high as 500 eV are easily obtainable
in such systems. For a given power, ion energy decreases
monotonically with pressure due to increased number of
collisions and lowered sheath electric field. The decrease
in energy with pressure may be partly counterbalanced by
increasing the power input.

The variation of ion flux with pressure is shown in Fig. 7.
The behavior can be explained by introducing dimen-
sional variables into Eq. [53] to obtain

. ( KT./m )m 541
F T\ T 2c0

The decrease of I, with pressure is the result of T, and =,
decreasing, and of Co increasing with pressure (note that
n, increases with pressure at low pressures, <0.2 torr in
our case, but decreases at high pressures). The decrease of
I. is sharper at lower pressures mainly because n, shows
similar behavior with pressure (13). For constant pressure,
ion flux increases almost linearly with increasing power.
This is because n, increases linearly with power and the
term in parenthesis in Eq. [54] is only weakly dependent on
power. Ion flux is independent of sheath voltage for a
sourceless sheath. This would not be the case if ionization
occurred in the sheath by secondary electrons, for exam-
ple. Such electrons are emitted from the electrode by the
bombarding ions and are accelerated by the sheath electric
field back into the glow. When pressure is high, secondary
electrons can cause ionization in the sheath (10). This re-
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Fig. 6. lon bombardment energy vs. reactor pressure with power as a
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sults in higher ion current to the substrate and to thinner
sheath as compared to the sourceless sheath case. When
ionization in the sheath by secondary electrons takes
place, the ion flux on the substrate electrode is

Lo
"1~ ylexp(Nod) — 1]

[55]

where I, is the ion current injected into the sheath at the
glow/sheath interface. The maximum ionization cross sec-
tion for electrons in oxygen, for example, is o, = 2.72 1071®
cm? (16). As previously, one may take neutral density N =
1.38 10 ecm ™3 (0.5 torr, 350 K) and d = 0.1 em. For the ion
energies of interest, the secondary electron emission coef-
ficient has a value of =0.1 for many electrode materials
under noble ion bombardment, and is usually much
smaller for molecular ion bombardment (11, 16). Then, for
v = 0.1, the denominator in Eq. [55] is about 0.95, which
amounts to a 5% increase in current due to ionization in the
sheath, under the above conditions. This is rather an upper
limit on the expected degree of ionization by secondary
electrons under these conditions. Similarly, ion-impact
ionization may also be neglected. For example, using the
rather high value of o; = 1071 em? for the corresponding
cross section and values of N and d as above, one obtains
an ion multiplication factor of exp (Noid) = 1.14 ions pro-
duced per ion. Again, this is an overestimate of the ioniza-
tion in the sheath, under the above conditions.

The dependence of ion energy on the sheath electric-
field-to-pressure ratio, E/p, has been recognized in the lit-
erature (1, 2, 12). In order to investigate further that rela-
tionship, E./p and ion energy (Eq. [52]) were calculated for
different values of pressure and power in the range 0.3-2
torr and 20-200W, respectively. For each pressure-power
pair the average sheath electric field was found by inte-
grating the computed electric field distribution over the
sheath thickness. The results are shown in Fig. 8. One ob-
serves that there exists a unigue functional relation be-
tween ion bombardment energy and sheath E¢/p. Low val-
ues of E/p occur at higher pressure (high Co). Under these
conditions electrostatic and frictional forces balance each
other, and Eq. [39] is applicable. Hence ion energy is linear
in E/p. At high E/p (low pressure), ion inertia is not negli-
gible and the data deviate from the straight line passing
through the origin. The deviation is negative because wu;
duy/dx is positive, i.e. the ion velocity has not had a chance
to achieve its “fully developed” value (ions strike the elec-
trode before that happens).

No experimental data on ion bombardment energy and
flux in oxygen plasma etching reactors could be found in
the literature to test the predictions of the sheath model.
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Thompson et al. (1, 25), and Allen et al. (17) used a similar
reactor system to that employed in the present study.
Their experimental conditions were mostly within the
range covered in the present work, except that the authors
used gases such as CF;Cl, CF;Br, and SF;. Values of the
measured ion bombardment energy and ion flux were sim-
ilar to the values shown in Fig. 6 and 7, although such simi-
larity may be fortuitous. The variation of ion bombard-
ment energy with power and pressure was also similar to
that predicted by the present sheath model. Ion bombard-
ment energy and flux critically affect etch anisotropy in
plasma-assisted etching applications. A realistic plasma
reactor model must provide for the calculation of these
quantities.

Summary and Conclusions

An approximate model of the RF plasma sheath was de-
veloped. The ion drift velocity was found by coupling the
ion “fluid” equations to Poissons’ equation for the poten-
tial distribution in the sheath. Ion-neutral collisions were
accounted for by a frictional force opposing the ion mo-
tion. An analysis of the collision dynamics showed that, for
ion energies much greater than the background medium
thermal energy, the frictional force may be taken propor-
tional to the square of the ion velocity. The proportionality
constant increases linearly with the collision cross section
and with pressure. The dimensionless number Co (Eq. [35])
was found to be important in describing the sheath proper-
ties. Typical values of Co in high pressure (~1 torr) plasma
etching reactors are around unity. For such values of Co,
frictional and electrostatic forces on the ion quickly bal-
ance each other. An analytic solution was then derived
yielding the ion bombardment energy as a function of the
sheath potential. Such expression may be used for quick
estimation of expected ion energy in high pressure plasma
etching reactors. At the extreme of no collisions in the
sheath (Co — 0) the Child-Langmuir law was recovered.

The model was applied to a high pressure parallel plate
plasma reactor used to etch polymer films in an oxygen
discharge. The energy of ions bombarding the grounded
electrode was calculated to be only a few tens of eV, much
lower than typical sheath voltages (~200V). Ion energy and
ion flux decreased with pressure and increased with
power. Over the range of variables investigated, the ion
bombardment energy was found to be a unique function of
the average sheath electric-field-to-pressure ratio, E/p. In
fact, ion energy was linear with E/p for values below about
2000 V/em-torr, but deviated from linearity for higher E/p
values.

The assumptions introduced in the model limit the pa-
rameter range over which the model is applicable. For ex-
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ample, a time dependent phenomena (18, 19) must be in-
corporated for frequencies below 5 MHz (30). Ionization in
the sheath may become important for pressures higher
than about 1 torr (10). Finally, only the average ion energy
and not the ion energy distribution (8, 20) can be found.
Nevertheless, the simplified sheath model developed here
can be readily coupled to a more general plasma etching
reactor model, including transport and reaction phenom-
ena of the etching species, to calculate etch rate, uniform-
ity, and anistropy of etching thin films (13). The present
sheath model may also be used to construct equivalent
electrical ¢ircuits of the sheath (21, 22). For example, the
model allows one to relate molecular quantities, such as
collision cross sections, to equivalent circuit components,
such as sheath resistance and capacitance.

Manuscript submitted March 26, 1987; revised manu-
seript received Aug. 28, 1987.

The University of Illinois assisted in meeting the publica-
tion costs of this article.

LIST OF SYMBOLS

collision number, Eq. [35], dimensionless
sheath thickness, cm

collision diameter, cm

sheath electric field, V/iem

error function

frictional force on ion, dynes
relative velocity of test ion with respect to neutral
molecule, cm/s (g = |g])

ion current, mA/cm?

Boltzmann’s constant, 1.38 10~ J/K
particle mass, g

neutral particle density, cm™
charged particle density, ecm™3
pressure, torr

fundamental charge, 1.608 10-°* Cb
temperature, K

time, s

ion velocity, cm/s

potential, V

neutral particle velocity, cm/s
x-coordinate, cm

e EHDAQ
o

=
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Greek characters
o proportionality factor in Eq. [10], g/ecm

Vi secondary electron emission coefficient, dimen-
sionless
€ ion energy in ordered motion, ergs or eV

€, total ion energy, ergs or eV
€ permittivity of the free space, 8.85 107" F/em

(i angle between g and X-axis, degrees
D Debye length, cm

- collision cross section, cm?

X scattering angle, degrees

Subscripts

e electron

el elastic collision
ex charge exchange collision
i ions, ionization
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p plasma
] sheath
t total
Superscript
* dimensionless quantity
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