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The negative ion density profile in a low pressure oxygen rf plasma has been measured by a
photodetachment technique. At an rf power of 10 W and a neutral pressure of 10 mTorr, a parabolic
negative ion density profile is obtained with a peak density of 8 x 10*®* m 2 and a maximum ratio of
negative ion to electron densities n_/n. ~ 18. Under these conditions, the most abundant positive
ion, determined by ion mass spectrometry, is O2% with O being less than 10% of the positive ion
density. The most abundant negative ion is O~ with O~ and O3~ being less than 20% of the
total negative charge density. The maximum in the density profile of negative ions shifts closer to
the powered rf electrode as the pressure is increased in the asymmetric system. Comparison of the
results to theory indicates that the asymmetry follows from an enhancement of the ionization rate
near the powered electrode sheath. The parabolic profile is also obtained in CCl;F; at low pressure.
Simulations and measurements show a rapid drop in ion density near the sheath that may be related
to the recently discussed “stratification” phenomenon in electronegative plasmas.

PACS number(s): 52.80.Pi, 52.25.Fi, 52.40.Hf, 52.50.Dg

I. INTRODUCTION

The influence of negative ions on discharge struc-
ture and the sheaths has attracted renewed interest re-
cently [1-6] since many of the gases used in technological
applications such as plasma etching readily form stable
negative ions. The presence of negative ions in the rf
plasmas used in applications can be expected to affect
discharge behavior. Negative ions have also been linked
to powder formation in chemically active plasmas, a fac-
tor which further accentuates their importance [7,8].

In this paper spatially resolved measurements of the
negative ion densities in a radio-frequency plasma in
oxygen at low pressure are presented and compared to
theory. All of the measurements were performed at
an rf power of 10 W and pressures between 5 and 150
mTorr. Under these conditions the dissociation degree
in the discharge is low and the plasma composition can
be expected to be simple, with O, the dominant neu-
tral species, O~ the dominant negative ion, and O™ the
dominant positive ion. However, the generation and loss
mechanisms for the charged species are strongly affected
by the pressure and this in turn affects the density pro-
files. At the lowest pressures, the ion density profiles are
parabolic. As the pressure is increased, more complex,
asymmetric profiles are observed and it is shown that this
asymmetry is mainly due to spatially nonuniform posi-
tive ion production. The results obtained in oxygen are
compared to measurements in CCl,F, and a mixture of
argon and CClL,F,.

The experimental details are given in Sec. II. In Sec. III
we consider the discharge kinetics and the charged parti-
cle balance with the simplifying assumptions which lead
to the parabolic density profiles. The results are pre-
sented in Sec. IV.
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II. EXPERIMENT

The experimental arrangement consists of a capaci-
tively coupled rf plasma confined in an aluminium cylin-
der with a diameter of 17.5 cm and a height of 5 cm.
The experimental apparatus and the method of measur-
ing the electron and negative ion densitites are described
in detail in the preceding paper [9]. The gas flow in
the present experiments was kept at 30 SCCM (SCCM
denotes cubic centimeter per minute at STP) and the
pressure was varied between 2.5 and 200 mTorr. The to-
tal input power was kept constant at 10 W for oxygen
plasmas. Electronegative plasmas were also obtained in
CCIL,F; and in a mixture of argon and 10% CCIL,F, with
an input power of 50 W. For the purpose of compari-
son to simple models and simulations, the experimental
conditions were chosen to keep the plasma composition in
both O3 and Ar+CCl,F; plasmas as simple as possible—
with one type of negative ion and one type of positive ion
carrying most of the charge. A higher input power was
used for plasmas generated in CCl;F; and Ar+CCl,F,
in order to obtain higher densities and thus improve the
signal-to-noise ratio.

As explained in Ref. [9], the aluminium cylinder en-
closing the plasma serves as a resonant microwave cavity
for the measurement of the total electron density and,
in combination with photodetachment, the negative ion
density profiles. The cavity is excited in the TMg20 mode,
which has a Bessel function radial dependence with a cen-
tral field maximum, so the technique is sensitive mainly
on the cavity axis. The axial resolution of the method
is determined by the beam diameter, which is set by
a diaphragm with an aperture diameter of 2 mm. Ax-
ial profiles are obtained by displacing the whole plasma
chamber with respect to the fixed laser beam. By varying
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the laser wavelength (from the fundamental at 1064 nm
through to the frequency quadrupled beam at 266 nm)
it is possible to separate several types of negative ions.
For example, O,~ with a electron affinity of 0.44 eV can
be distinguished from O~ (1.46 eV) and O3~ (2.10 eV),
and Cl~ (3.6 eV) can be distinguished from F~ (3.4 eV).

Several sources of error arise in the density measure-
ments. Although the field averaged electron density can
be determined to better than 0.1%, uncertainties in the
electron density profile lead to errors of about 10% in the
value of the electron density in the plasma glow. In this
work we assume that the electron density in the plasma
is constant (see Sec. II), that the electron density in
the sheaths can be neglected, and that the edge of the
glow corresponds to the position where the negative ion
density drops to zero. The negative ion density mea-
surement is subject to additional sources of error. The
laser beam passes through a diaphragm which helps to
define the laser beam volume; however, uncertainty in
the beam diameter results in about a 20% error in the
negative ion density. We note that this error does not
affect the shape of the profiles. Another source of er-
ror is due to the radial averaging of the photodetached
electron density. We have assumed that the radial pro-
file of the negative ion density does not depend strongly
on axial position. This facilitates comparison of the mea-
surements to one-dimensional theory. Ignoring variations
in the radial density profiles is not a very serious source
of error since the detection method has enhanced sensi-
tivity near the cavity axis, but errors of about 5% which
can affect the axial profile shape are expected. Finally,
fluctuations in the plasma and other sources of noise in
the system necessitate averaging over a number of laser
pulses. Each density value represents typically ten laser
pulses. Only the latter two sources of error affect the pro-
file shape and the error arising from fluctuations depends
on the experimental conditions. A worst case estimate,
applying, e.g., at low ion density, is an error of ~30%,
but the total relative error in the profiles is typically less
than 10%.

III. THEORY

Two issues are considered in order to ascertain the ex-
pected density profiles: the plasma composition is deter-
mined from the discharge kinetics and the density profiles
are then obtained by solving the relevant species conti-
nuity equations. A global kinetic model of the oxygen
discharge under consideration here has been developed
and published in the preceding paper [9]. In the pressure
range under consideration, the main negative ion forma-
tion mechanism is dissociative attachment while the de-
struction mechanisms for the negative ions are pressure
dependent. Positive ions are created in electron impact
ionization and diffusion of the positive ions to the wall
where they recombine is the most important loss mech-
anism for positive ions in oxygen. Mutual neutralization
with negative ions has a large rate coefficient, but this
process is always less important in the low pressure, low
density oxygen plasma. In contrast, wall loss is more im-

portant than mutual neutralization only for the lowest
pressures (~ 2.5 mTorr) in CClyF;. The ion loss fre-
quencies due to these two mechanisms will be compared
for oxygen plasmas after the expected density profiles are
derived.

Consideration of the discharge kinetics [9] suggests
that the oxygen plasma can be effectively modeled by
considering only three charged species: electrons, O,
and O,T. While the densities of O~ and O3~ can be
comparable to the electron density, they are of secondary
importance for the total negative ion density which we
are considering. Electrons of course cannot be ignored
since they are responsible for ion generation. In the sim-
plest model of the discharge we therefore consider the
continuity equations for the three charged species

V. Fe = (kion - kat)ne(nga nOg(a)) + kdetn—nOZ(a) (1)

V. P+ = kion(”g,'noz (a))ne - krecn+n—7 (2)

V.T_ = kat(ng’noz(a))ne - krecn+n— - kdetn—-n02 (a)s
(3)

where the subscripts on the flux I' and the density n
refer to electrons O;1 and O, n, is the ground state
and no,(a) the metastable neutral gas density, and kion,
kai, krec, and kgt are the rate coeflicients for ionization,
attachment, recombination (mutual neutralization), and
detachment. The fluxes are given by

;= —D;Vn; + giniu; E (4)

with 7 = e, +, and —, D; the diffusion coefficients, p; the
mobilities, F the electric field, and —¢. = ¢4+ = —q- = 1.
Charge neutrality and current balance

ny =ne+n_, (5)
ry=r.+TI_ (6)

complete the system of equations for the three-
component plasma. It should be noted that the response
of the ions to the rf modulation of the electric field is
negligible and the rf modulation of the electron density
is only significant in the sheath regions. The electric
fields E and the electron density n. can thus be replaced
by time averages in the above equations when only the
plasma bulk is under consideration. In the same way we
may consider ion production using time averaged rates
and ignore any time dependence in the model.

Models of the electronegative plasma similar to the
present one have recently been investigated by Franklin
et al. [11] in connection with positive columns, and for
an rf plasma relevant to the present case, by Lichtenberg
et al. [12]. The ambipolar diffusion coefficients in elec-
tronegative plasmas have been given by Thompson [13]
and more recently reconsidered by Rogoff [14] and Licht-
enberg et al. [12]. In the case relevant to our measure-
ments the ambipolar diffusion coefficient for the positive
ions D4y can be obtained by eliminating the electric
field from the flux equations (4) and assuming Boltzmann
equilibrium for both negative species [12,14]. Using the
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Einstein relations with g /pe, py/pe < 1 leads to

1+79+2va

(7
where v = T./T; and a = n_/n.. Three points are to be
noted.

(i) Both the jonization degree and the dissociation de-
gree are low in our low power plasma (typically < 1074
and < 1072, respectively) so the mobilities and the dif-
fusion coefficients in the flux equations (4) can be ap-
proximated by the relevant experimentally determined
quantities in O, gas.

(ii) The assumption of Boltzmann equilibrium for both
the negatively charged species is formally incorrect. It
is nevertheless a good approximation and is justified a
posteriori by consideration of the relevant lifetimes and
collision frequencies and by checking against simulations.

(iii) The presence of negative ions considerably alters
the usual ambipolar diffusion of charged species. Indeed,
when the negative ion density is high the electron tem-
perature no longer appears in the positive ion diffusion
coefficient. The application of the term “ambipolar diffu-
sion” to electronegative plasmas where the ion fluxes are
determined primarily by volume reactions and not by the
equality of wall fluxes has been criticized recently [11].
However, it is clear that the motion of the charged species
is still affected by the self-consistent field which arises
from the necessity of total current balance.

We now consider the positive ion density profile for
« large, which is the condition relevant to the measure-
ments at low pressure [9], with the usual temperature
ordering for the weakly ionized, low pressure plasma

Te>T,=T_. (8)
For a > 1 Eq. (7) becomes
Da+ =~ 2D+ (9)

At the lowest pressures we may assume that the positive
ion profile is determined by ionization and wall loss with
recombination being negligible. Furthermore, the Boltz-
mann relations for the negatively charged species imply
Vn, = Y= (10)

ary
so the electron density gradient in the glow can be ne-
glected, giving a uniform density in the plasma and, at
low enough pressure, a uniform ionization rate. We note
that the electron density profile remains flat even when
the electron temperature varies in the discharge gap as
long as Te > Ty, T_. The simplest form of the positive

ion continuity equation is now

d2n+

~ Dot

= KionTNgNoe (11)
with neo = (n.). Equation (11) can be integrated to give
the parabolic density profile

kion NgTeo

2D, (12 — z%), (12)

ni(z) =
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FIG. 1. Positive ion loss frequencies in oxygen due to wall
loss (solid line) and recombination (dashed line) at 10 W.

where 2] = Hg is the width of the glow region.

The simple parabolic ion density profile has been
recently derived by Lichtenberg et al. [12] and ob-
served in numerical simulations of electronegative rf plas-
mas [15,16,12]. It provides a framework in which our as-
sumptions can be evaluated. The loss rate of positive ions
to the wall is given by D,/ A? where the effective loss
length A = H,/+/12 [9] with H, the glow width. A com-
parison between the loss frequencies of the positive ions
due to wall loss and recombination (krecn—) is shown in
Fig. 1 and it is clear that for low pressure (< 50 mTorr),
ignoring the effect of recombination on the positive ion
profile is permissible.

Figure 2 shows a comparison of the loss frequencies
for the electrons. The wall loss for electrons is equal
to the positive ion wall loss by current balance and it
is the dominant electron loss mechanism at the lowest
pressures (< 10 mTorr). At higher pressure the elec-
tron loss is due mainly to dissociative attachment to Oa.
Since the electron mean free path for momentum trans-
fer is approximately 6 cm at 10 mTorr [17], reflection
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FIG. 2. Electron loss frequencies in oxygen due to wall loss
(solid line), attachment to Oz (dashed line) and attachment
to metastable states (dotted line) at 10 W.
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of electrons at the sheath is important at low pressure
and this increases the effective collision frequency for the
electrons. In any case, the collision frequency for the elec-
trons (v, =~ 1.9 x 10%°p, with pressure p in Torr) is more
that three orders of magnitude greater than the total loss
frequency for the whole range of pressure investigated,
validating the assumption of Boltzmann equilibrium for
the electrons.

The loss frequencies for the negative ions are plotted
in Fig. 3. Direct ionization is always negligible. At low
pressure recombination is dominant whereas detachment
in collisions with Oy(a) dominates for p > 20 mTorr.
This increase in the negative ion loss rate at high pres-
sure is responsible for the decrease in the density above
30 mTorr seen in Fig. 11 of Ref. [9]. Detachment in col-
lisions with O is less important. Since the wall loss of
the O;(a) metastable states is slow (with a sticking co-
efficient ~ 1072 [10]), the metastable profile is flat and
negative ion loss due to collisions with metastable states
is uniform. The momentum transfer frequency for the
negative ions can be estimated from their mobility using
p— = e/MmyVp,, where m, is the reduced ionic mass. The
mobility of O~ ions in Oz is p— = 3.2x107% m?%/V s [18],
which gives v, ~ 3.4 x 107p, with the pressure in Torr,
justifying the assumption of Boltzmann equilibrium for
the negative ions.

The cross section for dissociative attachment in oxygen
has a threshold at 4.3 eV and peaks at 6.5 eV [19]. At
temperatures close to the threshold, the attachment co-
efficient is only weakly temperature dependent. This im-
plies that for the values of electron temperature expected
in this type of discharge (= 3 eV [20]) and for uniform
electron density, negative ion formation will be reason-
ably uniform in the discharge gap even with some spa-
tial variation of the electron temperature. With loss and
formation both uniform, detachment in collisions with
metastables has no effect on the negative ion profile. Re-
combination, however, is proportional to nn_ and, since
negative ion formation is uniform, there is a net flux of
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FIG. 3. Negative ion loss frequencies in oxygen due to de-
tachment by Oz(a) (solid line), O (dash—double-dotted line),
recombination (dashed line) and ionization (dash-dotted line)
at 10 W.
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negative ions towards the center of the plasma where they
recombine. This flux is present at all pressures.

While attachment depends only weakly on T, ioniza-
tion, with a threshold energy of 12.1 eV and a peak cross
section at 110 eV [21], depends very strongly on the elec-
tron temperature. The ionization rate was assumed to be
uniform in the derivation of the parabolic density profile,
but it will prove that this is only valid at the lowest pres-
sures where the mean free path for ionizing collisions is
sufficiently long. Energetic electrons are expected to be
produced mainly in the sheath region in this rf discharge.
Both sheath heating and acceleration of secondaries liber-
ated by ion bombardment at the electrodes are expected
to contribute to the generation of a suprathermal tail
in the electron energy distribution. Furthermore, in our
strongly asymmetric discharge, which has an electrode
area ratio of about 3, most of the rf voltage appears across
the sheath at the (smaller) powered electrode and ener-
getic electron generation will consequently be far more
significant at this sheath. The simplest way to model the
effect of these electrons on the positive ion density profile
is to assume that they are created in the sheath and lost
by inelastic collisions as they move into the plasma glow.
The ion continuity equation now becomes

d?*ny Kionngnoe _(at1)/2
= - -\ 13
e Doy © , (13)

where A is an effective loss length for the ionizing elec-
trons and kjo, now the ionization rate coefficient at the
edge of the powered electrode sheath. Equation (13) can
be solved analytically to give profiles of the form

/\Zkion e
n+(a:) _ NgNeo (1 + e—2l/x _ 26——(a:+l)//\

2Da+
_%(1 _e—2l/A)). (14)

By expanding the exponentials in power series and drop-
ping higher order terms, it can be seen that for A > z
and [, this expression for the density profiles reduces to
Eq. (12). Conversely, when A < z and [, the exponen-
tial factors can be set to zero and the density goes as
A%(1 — z/1), which corresponds to diffusion away from a
planar source.

The effect of recombination on the positive ion den-
sity has again been ignored in this treatment. Including
recombination and relaxing the assumption that a > 1
(since this may not be true close to the edge of the glow)
gives a more complex equation for positive ion continuity

d Neo dn+
do [D+ (“ (s ~neo>] do )

= —kionngn()ee“(’“)/)‘ + krec(ni_ — n4neo). (15)

This equation is expected to be more applicable at higher
pressure, but it does have to be solved numerically for
the profile and it is no longer valid near the sheath edge
where n, = ne.
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The negative ion profile is derived indirectly by finding
first the positive ion profile and using charge neutrality
for the negative ion profile n_(z) = n4(x) — neo. This
approach recognizes the primary role of the positive ions
in determining the shape of the profile. Were this ap-
proach not applicable, the species continuity equations
would have to be solved simultaneously.

IV. RESULTS AND DISCUSSION

The experimentally determined total negative ion pro-
files are compared to the theoretical profiles in Fig. 4(a)
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FIG. 4. (a) Negative ion density profile at 10 mTorr oxygen
pressure and 10 W input power. The electron density is shown
by a dashed line. Data points represent averages over 64 laser
pulses. (b) Negative ion density profile at 40 mTorr and 10
W in oxygen. The driven electrode is at the left. (c) Negative
ion density profile at 100 mTorr and 10 W in oxygen.
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for 10 mTorr Fig. 4(b) for 40 mTorr, and Fig. 4(c) for
100 mTorr. There is very good agreement between the
parabolic density profile obtained from Eq. (11) and the
experimental data in the low pressure case shown in
Fig. 4(a). The two higher pressure cases show consid-
erably more scatter since the data points were averaged
over fewer laser pulses during the measurements. The
asymmetry due to nonuniform ionization in the discharge
gap, discussed in Sec. III, is clearly apparent, especially
in the 100 mTorr case. The data have been fitted to pro-
files obtained from Eq. (14) and there is good agreement
between experiment and theory.

The negative ion density profiles were measured at
several values of pressure and each case was fitted by
Eq. (14), using charge neutrality to obtain the negative
ion profile from the positive ion profile. The effective loss
length A has the expected 1/p dependence as shown in
Fig. 5. In order to gauge the validity of some of the
assumptions leading to the profiles given in Eq. (14),
the profiles were also fitted with numerical solutions of
Eq. (15), again using charge neutrality for the negative
ion profile. Two effects, which are ignored in the deriva-
tion of Eq. (14), are included in the numerical solutions:
recombination and the spatial variation of the positive
ion diffusion coefficient. Comparison between the nu-
merical solutions and the simplified analytic forms shows
that recombination has very little effect on the profile
shape (even at the higher pressures where it may be ex-
pected to be more important) when reasonable values of
the recombination coefficient (< 10712 m®s~!) are used.
The main effect of including recombination is to increase
the ionization rate which is necessary to maintain the
measured density.

The spatial dependence of the positive ion ambipolar
diffusion coefficient is more important than recombina-
tion since the positive ion profile is determined primar-
ily by diffusion to the walls. The numerical solutions
of Eq. (15) give values of A which are about 20% higher
than those obtained from the analytic fits. Since a longer
loss length gives a higher average ionization rate in the
discharge gap, the peak ionization rate [kion in Eq. (15)]
must be lowered to compensate. The net result of both

A (mm)

1 .
20 100
pressure (mTorr)

FIG. 5. Effective loss length for ionizing electrons A as a
function of pressure. The line indicates a 1/p dependence.
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FIG. 6. Ionization rate next to the driven electrode sheath
as a function of pressure.

recombination and the change in A is that the ionization
rates from the numerical solutions are not significantly
higher at pressures above about 50 mTorr, where the ef-
fect of recombination becomes significant. The ionization
rate as a function of pressure is shown in Fig. 6, where the
values determined from the numerical fits which include
recombination are given. Note that ionization is not uni-
form in the plasma and the peak rates, which occur next
to the sheath at the powered electrode, are plotted in the
figure. As expected, the ionization rate increases at low
pressure, reflecting an increase in the electron temper-
ature. Assuming Maxwellian electron velocity distribu-
tions gives values for the electron temperature between
4.1 eV at 20 mTorr and 2.6 eV at 150 mTorr; however,
it is unlikely that the electron distribution is Maxwellian
at the lowest pressures and the effective temperature of
the electrons in the tail of the distribution may be much
higher.

The simplified fitting of the density profiles presented
above gives good results for the overall profile shape and
it is clear that the essential physical processes which de-
termine the profiles are included. But while this ap-
proach is attractive, it has important limitations. The
first of these is clear from a reexamination of Fig. 4(c),
particularly of the data points at positions between 30
and 40 mm. The data values indicate a drop in density
next to the grounded electrode sheath which is signifi-
cantly faster than in the theoretical fit. This phenomenon
is apparent at higher pressures in oxygen and it is likely to
be due to local ionization near the sheath at the grounded
electrode. While the average voltage across this sheath
is much smaller than that across the powered electrode
sheath, ion energy spectra indicate that the average volt-
age is still around 60 V, so that secondary electrons from
the grounded electrode can easily reach the ionization en-
ergy. A more serious limitation is inherent in using only
the ion continuity equation for the determination of the
profiles since this assumes that negative ion production is
uniform; the validity of this becomes questionable as the
pressure is increased and electron temperature drops be-

low 3'€V. Under these circumstances the profiles have to
be obtained by solving the coupled continuity equations
simultaneously.

The parabolic profile shown in Fig. 4(a) is a result
of considering only ionization and ion diffusion to the
wall with the ionization rate and the diffusion coeffi-
cient combining to give one fitting parameter for the
profile. Since this effectively ignores gas dependent ef-
fects such as the negative ion production and loss mecha-
nisms, the parabolic profile is expected to be universal for
three component electronegative plasmas at sufficiently
low pressures. In addition to oxygen, parabolic density
profiles were measured in CCl;F; and in mixtures of ar-
gon with CCl;F,. The addition of even small amounts
of CClL,F; to argon results in a plasma with almost all of
the negative charge carried by negative ions. For exam-
ple, a 5% partial pressure of CCl;F5 in the feed mixture
gives an average negative ion density of 4 x 107 m~—3
and an average electron density of 2 x 10> m~3. Ion
mass spectrometry of this plasma shows that Art is the
dominant positive ion while selective photodetachment
indicates that Cl~ is the most abundant negative ion [22].
These mixtures are thus very useful in comparisons of ex-
perimental measurements to models based on very simple
treatments of the plasma chemistry [15].

The negative ion profile in a pure CCl;F, plasma is
shown in Fig. 7(a) for a total pressure of 2.5 mTorr and
an input power of 50 W. The parabolic profile gives a
good fit to the data points. In comparison with the oxy-
gen plasma, the plasma generated in CCl;F5 has a higher
ion density and a higher value of a. These are conse-
quences of the extremely fast attachment rate to CCl,F,
and its fragments. The higher density implies that the
ion loss by recombination is more than an order of magni-
tude greater so that recombination can only be neglected
at the very lowest pressure (cf. Fig. 1). As may be ex-
pected, the profile fitting procedure adopted above for
oxygen can also be applied in the case of CCL;F, at low
pressure. This is illustrated in Fig. 7(b), where the pro-
file at 5 mTorr is fitted to Eq. (14). The fit to the data
is less good than in oxygen and even at 10 mTorr this
treatment becomes completely inapplicable and recombi-
nation, as well as local ionization at both sheaths, must
be included. Figure 7(c) shows the Cl1~ density profile at
a pressure of 200 mTorr in a mixture of argon and 10%
CCl;F;. The data have been fitted by a numerical solu-
tion of an equation analogous to Eq. (15) but including
ionization at the grounded electrode sheath. The rapid
falloff of the density away from the powered electrode
sheath and the “hollowing out” of the profile are conse-
quences of recombination; these effects can never appear
in profiles given by Eq. (14). Similar profiles have been
obtained recently in two-dimensional fluid simulations of
an asymmetric, electronegative plasma in CF, at a pres-
sure of 500 mTorr [23].

As already stated, the analysis of the profile shape
presented above is very simple and it is only applica-
ble at low pressure and only within the plasma glow.
In particular, it is not applicable in the transition re-
gion between the negative ion dominated glow and the
sheath which contains essentially only positive ions and
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FIG. 7. Density profile of Cl™ ions in CCL;F; at an input
power of 50 W at a pressure of (a) 2.5 mTorr and (b) 5 mTorr.
(c) Density profile of C1~ ions at a pressure of 200 mTorr and
50 W power in Ar+CCLF, 10% fitted with a numerically
obtained profile.

electrons. The description of this transition region is of
great interest since it involves important questions re-
garding plasma stability, positive ion fluxes to the wall,
and the interpretation of probe diagnostics in electroneg-
ative plasmas [2]. It has recently been considered theoret-
ically by Tsendin [24], who observes that the plasma may
“stratify” spontaneously into two regions with different
composition. Calculations by Franklin et al. [11] show a
similar phenomenon with a very sharp drop in density
at the edge of a positive column dominated by negative
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ions, although the abrupt density drop is present only for
unrealistically large values of v in the calculations [25].
The drop in density near the sheath edge appears to be
related to positive ion flux conservation. In the glow
where the field is very effectively shielded by the nega-
tive ions, the positive ions cannot acquire a substantial
drift velocity and their flux to the sheath edge is essen-
tially thermal. In contrast, the ion velocity distribution
in the sheath is strongly directed and flux conservation
from the glow into the sheath implies a drop in density.
The narrow transition region may thus play a similar role
to the presheath in electropositive plasmas.

In order to investigate the plasma sheath transition
region at the low neutral pressure relevant to our mea-
surements, a hybrid simulation code has been devised
which includes a kinetic treatment of the positive ion
and electron dynamics and a fluid treatment based on the
drift-diffusion approximation for the negative ions. The
simulation is one dimensional and electrostatic with si-
nusoidal voltage applied to one electrode and no external
circuit. Positive ion and electron motion is obtained self-
consistently using particle-in-cell techniques with Monte
Carlo collisions (ionization and elastic scattering for elec-
trons, resonant charge exchange, and elastic scattering
for positive ions) [26]. The negative ion density is ob-
tained by solving the continuity equation with an effec-
tive field approximation to include the effect of ion iner-
tia [27]. Negative ion processes such as attachment and
mutual neutralization have been included, but accelera-
tion techniques are required in order to reach the steady
state in tolerable run times. However, at the lowest pres-
sure it is permissible to disregard negative ion generation
and loss and thus effectively fix the total number of neg-
ative ions at a chosen value, considerably reducing the
time needed to reach steady state.

The simulated negative ion profile in a plasma made up
of Art, Cl—, and e~ is compared to a parabola in Fig. 8
for an effective neutral pressure of 20 mTorr and an rf
amplitude Vs = 120 V. It should be mentioned that the
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FIG. 8. Simulated density profile of Cl™ ions at a pressure
of 20 mTorr with Vi = 120 V. The inset shows a detail of the
density drop at the glow sheath transition at the grounded
electrode. The profile (dashed line) is compared to a parabola
(solid line).
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FIG. 9. Density profile of Cl~ ions in CCl;F2 near the
grounded electrode at 2.5 mTorr and 100 W, measured with
a spatial resolution of 0.5 mm. A departure from the fitting
by Eq. (14) is evident.

flat electron density profile and the assumption of Boltz-
mann equilibrium for both negative species prove to be
excellent assumptions by checking against the simulation
results. The transition region is shown in the inset in
Fig. 8. In comparison to the parabolic profile, a rela-
tively rapid drop in density does appear at the sheath
edge and it is therefore of great interest to obtain ex-
perimental evidence of this phenomenon. However, it is
important not to confuse this density dropoff with the
effect of local ionization at relatively high pressures [cf.
the profile near the grounded electrode in Fig. 4(c)], so
we have chosen to investigate low pressures where the
ionization profiles are not sharply peaked at the sheaths
and CCl,F; where « is larger than in oxygen.

Figure 9 shows the Cl~ density in a pure CCIlF,
plasma at 2.5 mTorr and 100 W input power. The spa-
tial resolution was improved to 0.5 mm for these mea-
surements and averages over 64 laser pulses were taken.
Equation (14) was used for the fitting since at the higher
power the profile becomes slightly asymmetric even at
2.5 mTorr. There is a striking resemblance between the
density drop at the sheath edge shown in Fig. 9 and the
simulation result, although the two profiles do not corre-
spond to exactly the same conditions. It must be empha-
sized that the simple profiles fitted to the experimental
data and to the simulation results are not expected to ap-
ply near the sheath edge; nor will an approach based on
Eq. (15) succeed since the increased positive ion diffusion
coefficient near the sheath tends to reduce the density

gradient. The phenomenon can only be described by an
approach that considers all species together, such as the
simulation. It can be expected that further experimental
investigation of this region together with more realistic
simulations will lead to a better understanding of when
this phenomenon may occur.

V. CONCLUSION

The average electron density and the axial density
profiles of negative ions in an oxygen rf plasma have
been measured at low pressure. Comparison of the mea-
surements to a kinetic model indicates that the charged
species are predominantly O~ and O™, with electrons
making up between 5% and 20% of the total negative
charge. Under these conditions the electron density is
constant in the plasma glow so the profiles of the charged
species can be determined from the negative ion density.
The negative ion profile is parabolic at neutral pressures
around 10 mTorr, in agreement with theory in which only
uniform ionization and diffusion of positive ions to the
walls is considered.

At higher pressures the density profile becomes asym-
metric and the density peak shifts closer to the smaller
electrode in the asymmetric system. Comparison of
the cross sections for ionization and dissociative attach-
ment supports the conclusion that the profile asymme-
try is mainly a consequence of nonuniform ionization in
the discharge gap. The electron temperature derived
from the ionization rate next to the driven electrode
sheath varies between 4.1 eV at 20 mTorr and 2.6 eV at
150 mTorr, although the electron distribution is unlikely
to be Maxwellian at the lowest pressures and effective
temperatures in the tail of the distribution may be con-
siderably higher. The parabolic profile obtained at low
pressure is independent of the plasma composition and
measurements in CCl;F5 also show a parabolic profile at
2.5 mTorr.

Simulations and measurements at low pressure indi-
cate that a relatively rapid drop in density can occur at
the sheath edge. This may be related to the stratifica-
tion phenomenon discussed recently in connection with
negative ion dominated positive columns.
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