PHYSICAL REVIEW E

VOLUME 51, NUMBER 3

Negative ions in a radio-frequency oxygen plasma

E. Stoffels, W.W. Stoffels, D. Vender, M. Kando,* G.M.W. Kroesen, and F.J. de Hoog

Department of Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

(Received 5 July 1994)

A systematic study of a low pressure (5-200 mTorr) oxygen discharge is presented. Measurements
of the electron and negative ion densities in the 13.56 MHz capacitively coupled plasma are performed
by means of a microwave resonance technique in combination with photodetachment. A kinetic
model is developed, incorporating volume and wall reactions of ions as well as neutral species. It is
shown, by matching the experimental results with the model, that the dominant ion is O~ whereas
the Oz ~ and O3 ~ densities reach 10 to 20 % of the total negative ion density. The ratio of negative
ion to electron density varies between 5 and 10 and decreases with pressure and rf power. The total
negative ion density is about 5 x 10'® m™3, it increases with gas flow, is independent of the rf input
power, and has a maximum at a pressure of 30 mTorr. The agreement between the measurements and
the model is within the experimental error for a wide range of conditions. Deviations are explained
by changes in the gas and wall temperatures. From the known ion density the effective ionization
rate has been determined and related to the electron temperature. The ionization temperature
obtained in this way varies between 2 and 4 eV and decreases with increasing gas pressure and
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power, as expected for the bulk electron temperature in this type of discharge.

PACS number(s): 52.80.Pi, 82.20.—w, 82.40.Ra, 52.40.Hf

I. INTRODUCTION

Oxygen plasmas are widely used for indyistrial materi-
als processing, due to their ability to clean, oxidize, etch,
and ash samples without heating them to high tempera-
tures [1-5]. Applications include dry etching of photore-
sist, polymer, and biological materials, formation of oxide
films, and ashing for pretreatment of specimens in chem-
ical analysis. Furthermore, some oxygen discharges are
efficient sources of ozone, atomic oxygen, and a variety
of excited species [6].

In this work a low pressure radio-frequency (rf) oxy-
gen discharge is treated. The relative simplicity of oxy-
gen in comparison to other etchants (such as CF4 and
SFs) and the presence of a wide database of reaction con-
stants makes the O2 discharge a good modeling subject.
This leads to insight into important physical plasma pro-
cesses and possibly to the extension of some of the conclu-
sions to chemically more complicated systems. However,
even in a relatively simple oxygen discharge a wide va-
riety of species can be formed in the gas phase as well
as at bounding surfaces, which makes the chemistry of
this plasma still sufficiently complex to warrant detailed
investigation. Only a combined experimental and theo-
retical study can remove some of the uncertainties in the
relative importance of various processes and how they in-
fluence the discharge behavior. In such a study particu-
lar attention must be paid to the behavior of the charged
species since they determine both physical and chemical
features of the plasma, such as the rf power dissipation,

*Permanent address: Department of Chemical Engineering,
Shizuoka University, Johoku 3-5-1, Hamamatsu 432, Japan.

1063-651X/95/51(3)/2425(11)/%06.00 51

the structure of the plasma sheath, and the fluxes of re-
active molecules reaching the surface. As O, is an elec-
tronegative gas, negative ions (O~, Oz —, and O3 ~) are
expected to contribute significantly to the total charge
balance in an oxygen plasma.

In the past both experimental [7,8] and theoretical
studies [9,10] were devoted mainly to oxygen plasmas at
pressures above 500 mTorr. However, low pressure dis-
charges for surface modification are now also attracting
attention [11-13]. Here we present measurements of the
absolute densities of charged particles in such a discharge.
Previous measurements have been performed using probe
and optogalvanic methods by Yasuda et al. [14]. In the
present study a microwave resonance method is combined
with laser induced photodetachment in order to obtain
electron and total negative ion densities. Moreover, the
O, ~ density is obtained by performing selective photode-
tachment of the O, ~ ion. A kinetic model is used to
clarify the implications of the measurements and it fol-
lows that O~ is the dominant negative ion. However,
a significant fraction (about 10%) of Oz ~ and O3 ~ can
also be present in the plasma, which agrees with the data
of Suzuki and Kasuya [15]. The dependencies of the to-
tal ion density and the O, ~ density on various plasma
parameters have been measured and elucidated in terms
of elementary plasma processes. The experimental de-
pendencies help to estimate the rates of some (mainly
heterogeneous) processes, which are either not reported
or subject to discussion in literature.

II. EXPERIMENT

A. Plasma reactor

The measurements have been carried out in a
13.56 MHz capacitively coupled plasma confined in an
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aluminum cylinder with a diameter of 17.5 cm and a
height of 5 cm, as shown in Fig. 1. The lower rf elec-
trode is water cooled and has a diameter of 12 cm. The
discharge is sustained by an ENI rf generator combined
with an automatic matching network to optimize the
power dissipation in the plasma. The input power can
be varied between 0 and 120 W. Feed gases pass through
mass flow controllers and are introduced homogeneously
through a slit around the rf electrode. The pressure in
the plasma is measured using a mks baratron. The gas
pressure and flow can be varied independently, from 5
to 500 mTorr and from 0 to 100 SCCM (SCCM denotes
cubic centimeter per minute at STP), respectively, using
a throttle valve in the pumping line of a turbo molecular
pump.

B. Microwave resonance and photodetachment

In order to measure the electron density a microwave
resonance method has been used in which the cylinder
containing the plasma serves as a cavity. For this pur-
pose a low power microwave signal of variable frequency
is coupled into the plasma cavity by means of an an-
tenna, exciting the TMozo mode (frequency ~ 3 GHz).
The transmission of the cavity is recorded by another
antenna and processed by a digitizing oscilloscope. The
resonance frequency of the cavity, which depends on the
number of free electrons within, is determined by tun-
ing the microwave frequency to maximum transmission.
From the shift of the resonance frequency (Af = f — fo)
with respect to its value in vacuum (fo) the microwave
field averaged electron density (neo) is deduced [16,17]:

2
Neo = 287 n;ZZOZ(ZWf) ) (1)

with €p the vacuum electric permittivity, and m. and
e, respectively, the electronic mass and charge. This
method does not provide any spatial resolution as ng
is merely a space (&) averaged density weighted with the
square of the field strength (E?2),
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FIG. 1. The cylindrical plasma chamber which simultane-
ously serves as a microwave cavity.
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tial distribution of the electrons in order to obtain a more
useful value of the electron density. A first simplification
follows from the cylindrical symmetry of the electron den-
sity and F. Further, the applied TMgp2¢ mode has only
an axial field component given by a Bessel function Jo(r)
with only radial dependence. Models of electronegative
plasmas have shown that the electron density is flat in
the whole plasma glow and a sharp decrease is found in
the space charge region towards the electrodes [18,19].
The same conclusion follows from optical emission mea-
surements [20]. As the diameter of the cavity is large
in comparison to the thin sheath at the grounded side-
wall (< 5 mm), the radial dependence of the electron
density can be neglected. However, the axial profile can
be important since the large sheath at the powered elec-
trode (up to 2 cm) is not much smaller than the height of
the cavity (H = 5 cm). We therefore measure the axial
thickness of the plasma glow for every plasma condition,
using the negative ion density profiles (see below), and
multiply the density from Eq. (1) (i.e., averaged over the
cavity volume) by the ratio of the height of the cavity
to the glow thickness, thus obtaining an average electron
density in the plasma glow. As the field averaged elec-
tron density can be determined very accurately (to better
than 0.1%), the main uncertainty resulting from using the
microwave method is caused by a limited knowledge of
the electron density profile. This uncertainty results in
an estimated error of about 10% in the average electron
density.

The microwave resonance method can be modified to
obtain the negative ion density as well. A Nd:YAG (YAG
denotes yttrium aluminum garnet) laser is used to pho-
todetach electrons from the negative ions and the ad-
ditional shift in the resonance frequency, caused by the
detached electrons, is measured. Applying Eq. (1) to this
extra frequency shift gives the field averaged density of
the detached electrons An.. At sufficiently high laser
power, the photodetachment signal saturates and the ra-
dially averaged negative ion density n_ is obtained by
multiplying An. by the ratio of the cavity and the laser
beam volume, weighted with E?:

SffR E(r)2%dr

E(3)%dz’ ®)

n_ = An,
fcavity

with R the radius of the cavity and S the cross section
of the laser beam.

Although the laser beam radius is controlled by a di-
aphragm, the uncertainty in the beam radius imposes an
error of about 20% on the measured negative ion density.
The laser beam passes through two vertical slits in the
plasma cavity allowing for axial scans. The spatial reso-
lution is determined by the laser beam diameter, which in
our case is 2 mm. Since the negative ions are present only
in the plasma glow, their profiles can be used to deter-
mine the glow thickness, needed for the correction of the
electron density, as explained above. The photodetach-
ment technique allows determination of the densities of
various negative ions in the plasma through selective de-
tection of different species according to their detachment
energies (electron affinities) by choosing an appropriate
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laser photon energy, e.g., by using a dye laser. In the
case of an oxygen plasma the most important ions are
07, Oz 7, and O3 —, with detachment energies 1.46 eV,
0.44 eV, and 2.10 eV, respectively [21,22]. Using the
frequency doubled beam (A = 532 nm, 2.3 eV) we de-
termine the total negative ion density. In addition, by
using the fundamental frequency of the Nd:YAG laser
(A = 1064 nm, 1.16 €V) it is possible to separate Oy ~
from the other ions. As the abundance of O, ~ in the
plasma is low, we expand the infrared beam to 3.5 mm
diameter in order to achieve a higher sensitivity in this
case.

A sketch of the complete experimental setup for the
density measurements is shown in Fig. 2. For a typi-
cal measurement the personal computer (PC) prepares
the settings of the microwave oscillator and the oscillo-
scope. Then the laser is fired, which triggers the oscillo-
scope to measure the time dependent microwave trans-
mission signal and store the data on the PC. This proce-
dure is repeated until the resonance curve of the cavity is
scanned. Finally the PC calculates the time dependent
electron density from the stored data. The vacuum vessel
is moved by stepper motors to obtain the axial negative
ion density profiles.

III. KINETIC MODEL

A global kinetic model of the discharge has been de-
veloped in order to explain the experimentally observed
negative ion densities. The model facilitates comparisons
of the importance of several elementary processes involv-
ing negative ions, such as ion-ion recombination and as-
sociative detachment. Table I gives an overview of the
reactions incorporated into the model. Since three body
collisions are only important at pressures above 1 Torr,
they have been neglected. Furthermore, the low gas tem-
perature in a low pressure rf discharge (= 300 K) allows
us to neglect reactions requiring highly energetic heavy
particles. The highly energetic heavy particles in the
sheath can have an influence on the bulk chemistry only
at very low pressures (< 20 mTorr). It will be shown
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FIG. 2. Experimental setup for negative
ion density measurements.

in Sec. IV C that the negative ion density at these pres-
sures does not depend on the plasma chemistry. There-
fore threshold processes such as excitation (reaction 3),
dissociation (1,2,5), and ionization are assumed to be
electron induced only. The negative ions are formed
by dissociative attachment (6,7,13) or by charge trans-
fer (12,16,18,20). They are destroyed by ion-ion neutral-
ization (8,14,19), neutral detachment (10,15,17,21), and
electron detachment (11). The neutral species are lost by
diffusion to the wall (22,24) and by gas flow (25). It is
clear that these heterogeneous processes result in density
gradients in the plasma. The error due to introducing
space independent (average) densities into the rate equa-
tions (i.e., (n1)(n2) instead of (nim2)) can be estimated
from the predicted density profiles. As all profiles are
expected to be either flat or close to parabolic (see Ap-
pendix), this error is less than 20%.

The input parameters for the calculations are pres-
sure, gas flow, and the experimentally determined elec-
tron density. As the latter changes with the input power,
a complete set of experimental variables (pressure, gas
flow, and power input) is introduced into the model. The
following species are taken into account: ground state O,
(X 3%;), the metastable Oz(a) (a'Ay, Eexc = 0.99 eV),
ground state O, Oz, O™, Oz 7, and O3 ~. The reaction
rates of Og(b) (b'S}, Eexc = 1.6 eV) are not significantly
higher than those of Oz(a), while its density does not ex-
ceed 20% of the Oz(a) density. As the effect of O2(b) on
negative ion densities is of the order of the accuracy of
the rate constants, this species has been neglected here.
For the same reason excited atomic oxygen states are not
incorporated in the model. The listed rates in Table I are
based on literature values. The rates of electron induced
processes are complicated functions of the electron tem-
perature (T.). For clarity, only their numerical values at
T. = 3 €V are listed in Table 1. The diffusion loss fre-
quency of neutral species (22,24) is estimated using an
effective gradient length A.s (see Appendix), in which
geometrical factors as well as the sticking coefficient vy
are included. The flow loss frequency for neutral species
(25) is given by
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V2s =
where the flow F is in SCCM, the pressure p is in Torr,
and the plasma volume V,; = 1.2 x 1073 m3.

Some of the rate constants (10,12) used in the calcu-
lations are modified and estimates are made for stick-
ing coefficients of various species. This is treated in de-
tail in Sec. IVB. The stationary state balance equa-
tions, containing all processes from Table I, are solved
analytically using the elimination method. The bal-
ance equation for O is replaced by the particle balance:
O3 + Oz(a) + O + O3 equals the total neutral density
known from the pressure.

An important issue in all models is the electron en-
ergy distribution function (EEDF). As there is no direct
experimental evidence of both the average electron en-
ergy and the shape of the distribution function in our
discharge, we assume a Maxwellian distribution for the
bulk electrons, with a temperature T, = 3 eV. Similar
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values in rf discharges have been found by several inves-
tigators [23,24]. However, it will be shown in Sec. IVC
that the negative ion density does not strongly depend
on the electron temperature.

In our model the positive ion density is obtained from
the charge neutrality condition and not from the posi-
tive ion balance equation. The dominant positive ion in
this low pressure O rf plasma is O, *, as found from
mass spectrometry measurements performed on a sepa-
rate but geometrically similar apparatus, which has been
described by Snijkers et al. [25]. For the whole range of
conditions dealt with in this study, O made up less than
10% of the escaping ion flux. The positive ion density n
is determined by the ionization rate (kjon) and by the wall
loss and recombination rate krec = 1 x 1073 m3®s~! with
negative ions n_:

kionne{[O2] + [O2(a)] exp(0.99/T.)}

a

= A2
Aeﬂ'

ny + krecn+n—' (5)

TABLE 1. Overview of the reactions in the kinetic model, with the rate constants for T. = 3 eV,
T, = 300 K. D denotes the diffusion coefficient, in mzs’l, A.g denotes the effective diffusion length
from Eq. (A9), and v the sticking probability. The pressure p is in Torr and the flow F in SCCM.

Reaction® Rate constant (m®s™') Reference
or frequency (s~ 1)®
Neutral species:
(1) Oz2+e — 20 +e| 24x1077° 19]
(2) Oz(a)+e oy 20 +e| kiexp(0.99/T.) estimate
(3) Oz2+e — Oz(a) +e| 6.1x1071¢ [26]
(4) Ogz(a)+e — O, +e| (3/2)ksexp(0.99/Tc) detailed balance
(5) O3 +e - O+4+0;+e€ 5ky [27]
O™:
(6) Oz+e — O~ +0| 35x107" [26]
(7)  Oz(a) +e — O~ +0| 12x107*° [26]
8) O +0;7 — neutrals| 1073 [28]
(99 O +O - Oz+e| 14x1078 [29]
(10) O™ + O2(a) - O3z +e|l 1071 [10], see text
(11) O~ +e — O+2| 24x107™ [30]
O, ™
(12) O™ + Oz2(a) — 0+0;"| 33x107" [10], see text
(13) Oz +e - 0.~ +0| 107 [10]
(14) O~ +02* — neutrals| 107'? [28]
(15) Oz~ +0O - Osz+e|l 15x107'¢ [10]
(16) 02~ +0O - O+ 07| 33x1071° (10]
(17) Oz~ + Oz(a) — 20, +e| 2x1071° [10]
O3 ~:
(18) O~ +0s - O+0;7| 56x1071 [10]
(19) O7 +02 % — neutrals| 1073 [28]
(200 03~ +O - 02~ + 02| 3.2x1071° [10]
(21) 03~ +O — 20; +e| 3x107'° [10]
Wall processes: v=D/A% see Appendix
(22) O+ Owan — 02| D=205x10"%p ' y=0.5| [9,31]
(23) O+ Owan — Oz(a)| w2z x 3/(10 + F?) see text
(24) Oz(a) — Oz ~+=0 [32], see text
Flow loss:
(25)  for O, Oz(a), Os 0.01F/p

2The reactions are referred to in the text by giving their number from the table enclosed in paren-

theses.

PNumbered subscripts refer to the relevant reaction number.




This balance contains the ionization of O; and Oz(a).
The latter has been corrected for the excitation energy,
as in the case of dissociation (1,2), but it remains a minor
contribution. The dominant loss process is ambipolar dif-
fusion to the wall. The ambipolar diffusion coefficient D,
in the presence of negative ions is related to the ordinary
thermal diffusion coefficient (Dyy) by [19]

1+ (Te/T)[1 + 2(n—/ne)]
1+ (Te/Ti)(n-/ne)

Da =~ Dth (6)
where T; is the ion temperature. Assuming T./T; > 1
this reduces to D, = (2 + ne/n_)Dy,. The value of Dyy,
is 6 x 1073 /pm?/s, where p is in Torr [9]. The gradient
length for ions is taken as Aeg = H,/+/12 (see Appendix),
where Hj is the experimentally determined glow thick-
ness.

The charge neutrality condition together with the pos-
itive ion balance determine the electron temperature
in the plasma. In Eq. (5) only the ionization rate is
strongly temperature dependent so substituting known
ion densities into Eq. (5) gives the ionization rate and
consequently the electron temperature (see Secs. IVC
and IVD). As mentioned previously, this assumes a
Maxwellian electron velocity distribution.

IV. RESULTS AND DISCUSSION
A. Electron density

The measured electron density as a function of power
and pressure is shown in Figs. 3 and 4. The electron den-
sity rises almost linearly with the input power which is
not corrected for the power losses in the matching net-
work. These losses may account for up to 20% of the
nominal power level. The electron density rises sharply
with increasing pressure up to about 50 mTorr with a
broad maximum around 60 mTorr and a slight decrease
at higher pressures. There is no measurable gas flow de-
pendence of the electron density. The electron density
data, fitted by an empirical expression, are used as an
input parameter for the calculations. The dependencies
of the total negative ion density and the O, ~ density on
the gas flow, the pressure, and the rf power are discussed
in the following three sections.

B. Gas flow dependence

The flow dependence of the negative ion densities
is compared to the model in Fig. 5 for a pressure of
25 mTorr and in Fig. 6 for 100 mTorr. There is good
agreement between the model and the measurements at
25 mTorr except at the very lowest flow. The agreement
is somewhat less satisfactory at 100 mTorr, with the dis-
crepancy occurring again at low flow. Possible causes of
this are discussed below.

Varying the residence time of the neutral species in
the discharge volume is very important in studying the
plasma since it allows us to separately investigate purely
chemical effects such as a changing gas composition.
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FIG. 3. Electron density as a function of the rf input power.
The pressure is 30 mTorr and the gas flow is 30 SCCM. SCCM
denotes cubic centimeter per minute at STP.
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FIG. 4. Electron density as a function of pressure. Input
power is 10 W, flow is 30 SCCM. The line indicates the para-
metric fit which has been used as input for the calculations.
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FIG. 5. Measured and calculated negative ion densities as
a function of the gas flow. The pressure is 25 mTorr and
the input power is 10 W. The dots and solid line indicate
the measured and calculated total negative ion density. The
calculated O~ density is denoted by the dashed line. The
O2 ~ density, denoted by triangles and dotted line, and the
O3 ~ density (dash-dotted line) are shown enlarged five times.
Reaction (23) is not incorporated into the calculations.
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FIG. 6. Measured and calculated ion density as a function
of the gas flow. The pressure is 100 mTorr and the input
power is 10 W. The symbols are identical with Fig. 5. In
this case the Oz ~ and O3 ~ densities are shown enlarged by
a factor 2.5. Reaction (23) is not incorporated into the cal-
culations.

Since the residence time (determined by flow and pres-
sure) is relatively long in comparison to lifetimes of
charged particles, only reasonably stable neutral species
can contribute to the flow dependence of the negative ion
density shown in Figs. 5 and 6. These neutral particles
are most likely detaching species, such as O or Oz(a)
(reactions 9,10), which are flushed out of the discharge
region at high gas flow values. As a result, the detach-
ment frequency will decrease with increasing flow, caus-
ing the ion density to rise. However, for these detaching
particles destruction at the wall is potentially a more im-
portant loss process than the flow (see Table I), unless
their sticking coefficients are very low (y < 1073). As the
sticking coeflicients are poorly known and heavily depen-
dent on wall material and its pretreatment, we will use
the experimental flow dependence of the ion density to
estimate them for our plasma conditions.

The sticking coefficient v for atomic oxygen is strongly
dependent on the wall material. Booth and Sadeghi [31]
reported a very high value v ~ 0.5 on stainless steel,
while v on dielectrics is found to be 107° — 103 [33].
For our conditions (aluminum walls) it can be expected
that the reaction probability is closer to the one given by
Booth. Consequently, the O density is not expected to
be strongly flow dependent. In addition, we have mea-
sured the optical emission intensity of the 3p3P-3s55% O
transition at 777 nm as a function of flow. For the upper
state, direct electronic excitation from the ground state
is the dominant population mechanism. As the electron
temperature is not expected to change significantly with
flow, this intensity is thus a reasonable measure for the
ground state O density. As the observed line emission
stays almost constant we conclude that the O density
is hardly flow dependent, and consequently it cannot be
responsible for the observed dramatic changes in the neg-
ative ion densities. Furthermore, the production of O by
electron impact dissociation (1,2) is a very fast process.
Therefore a very high dissociation degree (~ 50%) would
be reached if atomic oxygen were destroyed only by flow.
This in turn would lead to a very low negative ion den-
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sity, due to reactions (9,15,21), in contradiction with the
measurements.

The Oz(a) molecule is another potentially efficient de-
taching particle, but since it also produces negative ions
(7), its net detaching effect is not as strong as that of O.
In contrast to O, its sticking coefficient on aluminum sur-
faces is very low (< 1073, [32]). Moreover, wall produc-
tion of this low energy molecular state, e.g., by reaction
(23), cannot be excluded. In fact, similar processes have
been studied in a H; discharge, where the reactor wall can
be an effective source of the vibrationally excited Ha(v)
[34]. We have initially assumed that Oz(a) is neither lost
nor produced at the wall. Based on these assumptions
the densities of neutral particles [O, Oz(a), and Oj] are
calculated (see Figs. 7 and 8). These densities and the
density ratio of O and Oz(a) agree very well with those
measured by Tachibana [11] under similar conditions.

The model yields a flow dependence of the total neg-
ative ion density which is similar to the observed one at
flows above 20 SCCM. However, the absolute values of
n_ are about 2.5 times lower than the measured ones
if the rates for recombination (8,14,19) and detachment
by Oaz(a), given by Kossyi et al. [10], are used. Since
the ion densities, measured in comparable conditions us-
ing probe and optogalvanic methods [14], agree with our
data, the discrepancy between the measurements and the
model is likely due to uncertain rate constants. Agree-
ment can be obtained by either increasing the production
rate for negative ions (6,7) or scaling down their losses
in the model. The production rate by dissociative at-
tachment has been measured by a number of investiga-
tors and its value is fairly accurately established. The
rates of ion-ion recombination and neutral detachment
are much more uncertain. The fits shown in Figs. 5 and
6 have been obtained using the recombination rate given
by Smirnov [28]. The detachment rates (10,12), given
by Kossyi et al., are 3x107% and 1071® m3s~1, respec-
tively. However, Khvorostovskaya and Yankovsky [35]
give a lower value for reaction (10) at 400 K. Moreover,
they have shown that the detachment rate (10) depends
strongly on the gas temperature (7y) and the ion en-
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FIG. 7. Calculated densities of Oz(a) (dashed line), O
(solid line), and Os (dotted line) as a function of gas flow.
The pressure is 25 mTorr and the power 10 W. The O and
O3 densities are shown enlarged 100 times.
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FIG. 8. Calculated densities of Oz(a) (dashed line), O
(solid line), and Os (dotted line) as a function of gas flow.
The pressure is 100 mTorr and the power 10 W. The O and
O3 densities are shown enlarged ten times.

ergy (E;) as T20X0-4 728204 for T, > 400 K. A similar
effect can be expected for reaction rate (12). A good
agreement between the experiment and the simulation
is obtained if we use 107'® m3s~! for reaction (10) and
3.3x10717 m3s~! for reaction (12).

It can be seen that there is a reasonable agreement
between the calculated and the experimental values of
n_ and [O2 ~]. However, at low gas flows the calculated
values are systematically higher than the measured ones.
This discrepancy is especially large at higher pressures
(Fig. 6). The rapid decrease of the experimental ion
density at low flows indicates an extra loss process, not
present in the model. Again it is plausible to assume that
this is a detachment process, involving a relatively sta-
ble neutral particle, with a stronger density dependence
on flow than that of the calculated Oz(a) density. It is
unlikely that one of the metastable particles, neglected
in the calculations, is responsible for this effect, as, apart
from their low densities, any other metastables are ex-
pected to have flow dependencies similar to those calcu-
lated for Oz(a) or O. A more likely explanation involves
an enhancement of Oz(a) or O detachment under the in-
fluence of some global parameter such as the wall or gas
temperature. In addition to the rates discussed above,
heating of the gas and the electrodes at these low flows
and higher pressures [36] also changes the surface chem-
istry, which is expected to be extremely temperature de-
pendent. A possible reaction which would increase the
density of detaching species is the wall recombination of
atomic oxygen, yielding Oz(a) instead of O;. A similar
process has been described by Sharpless et al. [37]. As
this is expected to be more efficient at higher tempera-
tures, the heated wall can be an extra source of Oz(a).
We cannot determine from our data whether the deple-
tion of negative ions is due to a change of the detachment
rates or the O3(a) density, as both have the same influ-
ence on the ion density. We have included this effect in
the model by introducing a flow dependent fraction of O,
which is converted to Oz(a) at the wall (23). The fitting
to the experimental data points shown in Figs. 9 and 10
is obtained when a fraction 3/(10 + F2) (0.03 to 30% for
the flows between 100 and 0 SCCM) of the O density lost
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FIG. 9. Measured and calculated negative ion densities as
a function of the gas flow. Reaction (23) has been taken into
account in the calculations. The conditions are the same as
in Fig. 5.

to the wall returns as Oz(a). This production term has a
significant contribution only for low flows (< 20 SCCM).

The measured flow dependence of the O, ~ density is
very similar to that of O~ (Figs. 5 and 6). Such a de-
pendence can be obtained if O3 ~ is produced by charge
exchange between Oz(a) and O~ and destroyed by de-
tachment with Oz(a) (17). However, for pressures below
20 mTorr the radical density is lower and ion-ion recom-
bination (14) becomes dominant. In this case the Oz ~
density will be proportional to the Oz(a) rather than the
O~ density, resulting in a decrease of the O3 ~ density
with flow for these pressures. A slight influence of recom-
bination can be seen in the calculated data at 25 mTorr
in Fig. 9, where the O, ~ density starts to decrease at
high gas flows. As this feature is not present in the
experimental data, we conclude that the model slightly
overestimates the recombination (14) with respect to de-
tachment (15,17).

C. Pressure dependence

The pressure dependencies of the negative ion densities
are shown in Figs. 11 and 12. The experimental points
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FIG. 10. Measured and calculated negative ion densities as
a function of the gas flow. Reaction (23) has been taken into
account in the calculations. The conditions are the same as
in Fig. 6.
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FIG. 11. The measured and calculated total negative ion
density (dots and solid line) and the Oz ~ density (triangles
and dotted line) as a function of pressure. The gas flow is 30
SCCM and the input power 10 W. The experimental densities
shown are the averaged values over the plasma glow. The
Oz~ density is enlarged five times. The calculations have
been performed for T. = 3 eV.

are the average densities in the plasma glow. The ratio of
the total negative ion to electron density is about 5 to 10
and decreases with pressure. The dominant negative ion
is O™, whereas the molecular ions form about 10-20%
of the total density. The model in which the previously
estimated sticking coeflicients and reaction constants are
incorporated describes the pressure dependencies of ion
densities very well.

The competition between ion-ion recombination (8)
and neutral detachment (9,10) explains the observed ion
densities, while electronic detachment (11) is of very little
importance. At low pressures the O~ balance is governed
by dissociative attachment to O, (6) and ion-ion recom-
bination (8), which causes its density to increase as the
square root of pressure. The densities of the detaching
species [O and Oz (a)] increase with pressure (see Fig. 13).
Therefore neutral detachment (9,10) becomes dominant
at pressures above 30 mTorr, resulting in a decrease of
the negative ion density. As the detaching species are
produced from O (1,3), and lost by diffusion to the wall
(22) and/or by flow, their density increases quadratically
with pressure, resulting in a p~! dependence of the nega-
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FIG. 12. The calculated ion densities as a function of pres-
sure at T. = 3 eV, for gas flow 30 SCCM and input power
10 W. The sum of these is the total ion density shown in
Fig. 11.
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FIG. 13. The calculated neutral densities as a function of
pressure at T. = 3 eV, for gas flow 30 SCCM and input power
10 W. The dashed line represents Oz(a), the solid line O, and
the dotted line O3. The densities of O and Oz are shown
multiplied by a factor 10 and 100, respectively.

tive ion density. However, at pressures above 100 mTorr
Oz(a) is lost by bulk processes (2,4,7,10,12), so its den-
sity becomes linear with pressure. Consequently, the de-
crease of the negative ion density at higher pressures is
less pronounced.

The behavior of O; ~ and O3 ~ can be explained in a
similar way as has been done for O~. Since the molecular
ions are formed mainly by charge exchange between O~
and Oz(a) or O3 (12,18) and destroyed again by recom-
bination and detachment, the dependencies of their den-
sities on pressure are similar. The maxima can be shifted
towards higher pressures, as can be expected considering
the pressure dependencies of [Oz(a)] and [Os] (Fig. 13).
Note that the O3 density is coupled to the O2(a) density
by associative detachment (10).

The pressure dependence of the negative ion density
has been calculated for several electron temperatures and
the effect of varying 7T, is shown in Fig. 14. It can be
seen that the negative ion density is only weakly T de-
pendent. At low pressures, where the T, independent re-
combination (8) is the major loss process, the ion density
depends on T, as the square root of the attachment con-
stant. The latter is hardly T, dependent at temperatures
close to the attachment threshold (4.5 eV), but decreases
for temperatures below 2.5 eV. At high pressures the at-
tachment is balanced by the neutral detachment. Since
the production rates of detaching species and dissocia-
tive attachment have similar temperature dependencies,
these temperature effects cancel and the ion density be-
comes T, independent.

In order to satisfy the charge neutrality condition, the
positive ion density has to match the (temperature inde-
pendent) negative charge density, from which the ioniza-
tion rate can be deduced, as explained in Sec. III. This
effective ionization rate as a function of pressure is shown
in Fig. 15. Its decrease with increasing pressure should be
interpreted as an electron temperature decrease, a com-
mon feature of low pressure discharges [23,38]. If this ion-
ization rate is compared with the literature value [39], an
effective “ionization temperature” as a function of pres-
sure can be found (Fig. 15). The values are very close
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FIG. 14. The calculated total negative ion density as a
function of pressure for several electron temperatures. The
gas flow is 30 SCCM and the input power is 10 W. The mea-
sured data points are added as reference.

to the expected bulk electron temperatures, which sug-
gests that at least for pressures higher than 20 mTorr
the electron energy distribution function does not devi-
ate significantly from a Maxwellian. When this pressure
dependence of the ionization temperature is used to re-
calculate the negative ion densities, the resulting curve
does not differ appreciably from the one calculated us-
ing a constant T, = 3 eV (see Fig. 14). A more strict
approach should also account for the non-Maxwellian ef-
fects in the EEDF and their pressure dependencies. For
example, the rise in the ionization rate at pressures be-
low 20 mTorr can be caused by an increase of the number
of electrons in the high energy tail [19,38]. In this case
the bulk temperature, which determines the negative ion
density, need not vary so much. Concluding, to first or-
der it is justified to use a constant T, in calculations of
the negative ion density, though the ionization temper-
ature shown in Fig. 15 is probably closer to the actual
electron temperature.

D. Power dependence

The total negative ion density as a function of rf input
power is shown in Fig. 16. Based on the kinetic model
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FIG. 15. The ionization rate constant, calculated using
Eq. (5), as a function of pressure (solid line) and the cor-
responding “ionization” temperature of the electrons (dashed
line).
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FIG. 16. The total ion density as a function of input power
(dots), for 30 SCCM gas flow at 30 mTorr. The solid line rep-
resents the calculated density and the dashed line represents
the “ionization temperature” of the electrons.

and measurements in other gases [40] it is expected that
the negative ion density increases with increasing electron
density, but in this case it stays constant in the whole
power range, even though the electron density increases
by more than a factor of 10 (Fig. 3). At higher rf powers
the gas and the electrodes can be significantly heated.
This can increase the detachment by O,(a), according to
the mechanism described in Sec. IVB. The influence of
the discharge power on surface chemistry has also been
reported by Wickramanyaka et al. [33]. We note that
in our experimental arrangement only the powered elec-
trode is water cooled and thermal contact between the
rest of the microwave cavity, the water cooled electrode,
and the outer vacuum chamber is poor. A relatively high
cavity temperature (60 to 70°C) was noted when the
vacuum system was vented immediately after plasma op-
eration. The temperature increase is expected to cause
a significant enhancement of the detaching species den-
sity and/or their reactivity at high rf powers so neglect-
ing these effects in the model leads to an overestimation
of the calculated negative ion density. The behavior of
the measured negative ion density as a function of power
gives an independent indication that temperature is im-
portant for the negative ion density.

If the measured (constant) ion density is introduced
into Eq. 5 it can be seen that the effective ionization con-
stant and consequently the “ionization” temperature has
to decrease with increasing rf power. A similar effect has
previously been reported in this kind of plasma [23,38].

V. CONCLUSION

The electron and negative ion densities in a low pres-
sure (5-200 mTorr) oxygen rf discharge have been mea-
sured. The electron density is about 10'®* m~3 and the
negative ion density about five to ten times higher. The
dominant negative ion is O~. The ratio of negative ion
to electron density decreases with pressure and rf input
power.
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The behavior of the negative ion density in this dis-
charge can be explained in terms of plasma and surface
reactions. The dominant negative ion, O™, is produced
by dissociative attachment of O, and destroyed by ion-
ion recombination at low pressures and by neutral de-
tachment at high pressures. The competition between
these destruction processes results in a maximum den-
sity at about 30 mTorr.

Since negative ion production is only weakly depen-
dent on the electron temperature, the densities can be
modeled using a constant temperature for the range of
plasma conditions investigated. However, the negative
charge density must always balance the positive ion den-
sity, which is extremely electron temperature dependent
through the ionization rate. The ionization rate, deter-
mined from the total negative charge density, is used to
calculate the electron ionization temperature and its de-
pendence on plasma conditions. This yields a tempera-
ture between 2 and 4 eV, decreasing with pressure and
rf power. These values and trends agree well with those
expected for the bulk electron temperature.

It has been shown that neutral gas chemistry has a
strong influence on the negative ion density and that
experimental dependencies upon plasma parameters in
combination with modeling help to decide on the relative
importance of various processes. The surface chemistry
appears to be strongly related to the wall conditions; fur-
ther study of wall processes and their dependencies upon
the condition of the wall material is needed for a complete
description of the discharge chemistry. The present work
suggests that the gas and the wall temperatures are im-
portant and control of these parameters in experiments
appears to be essential if the remaining uncertainties are
to be resolved. On a more positive note, the results also
suggest that the discharge chemistry, and in particular
the negative ion density, can be directly influenced sim-
ply by controling these temperatures.

APPENDIX

Heterogeneous processes can have a significant influ-
ence on the discharge chemistry and therefore they have
to be treated in kinetic models. In zero-dimensional mod-
els this is a problem since all processes are assumed to
be homogeneous. It is then necessary to introduce a ho-
mogeneous production or loss frequency to account for
heterogeneous processes.

For diffusion problems having the general form

_ on(z)

(production — destruction) + DV?n(z) o

» (A1)

an effective diffusion frequency can be estimated by
D/AZg, if the effective gradient length Acg is found. The
value of this gradient length depends on the geometry
of the reactor, the form of the production and destruc-
tion terms, and the boundary conditions (e.g., sticking
coefficients). Chantry [41] calculated A.g for partially
absorbing walls in several geometries by solving the time
dependent diffusion equation without production and de-
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struction terms. This solution is also valid if these terms
are linear in the density n(z) (e.g., electron impact ion-
ization in the balance equation for electrons). However,
we need an effective gradient length to describe the losses
of atomic oxygen at the wall in the stationary state
(0n/8t = 0). In this case the production is constant
[not proportional to n(z)] in the plasma glow and equal
to zero in the sheath. Bulk destruction of atomic oxy-
gen can also be neglected. Therefore the balance can be
written

P + DV3n(z) =0, (A2)

with the production term for oxygen given by P =
2{k1[O2]ne + k2[Oz(a)]ne} in our model. As the height
of the plasma glow is much smaller than its radius, we
can neglect radial diffusion. The production takes place
only in the plasma glow (thickness Hy) and the solution
and its derivative are continuous at the edge of the glow.
For a partially absorbing wall, with a sticking coefficient
v, the boundary condition at the wall is found by con-
sidering the particle in and outflux for a small volume at
the wall. The number of particles per unit area and time
(®,) moving in direction z is given by

P, = 1nv — l/\vd—n,
4 6 dz

(A3)
where the mean free path ) is related to the thermal
velocity v by A = 3D /v. The number of particles moving
in the opposite direction (®_.) is

1 1. dn
d_,=— ~“Av—.
4nv+ 6/\Udz

(A4)
In a stationary state the net flux of particles to the vol-
ume at the wall (®, — ®_,) from the plasma has to
equal the net flux towards the wall (y®,). This yields
the boundary condition

d 1
k) (A5)
dz wall 6
where n,, is the density at the wall and
2A(2-7)
€= . A6
- (46)

From the above, the densities in the glow and the
sheaths are

glow:
n(z) = 5% [% (2{ +H- %) - zz] (A7)
sheath:
n(z) = };I;g ({ + g + :L') (A8)

and the average density in the plasma glow is



P H 2
(ng) = 5—42 (25 +H — gHg)/ (A9)
P
= BAZﬂ'.
Neglecting the sheath leads to
H? ¢tH
o=+ A10
Aeﬂ” 12 + 2’ ( )

where the first term represents the usual gradient length
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obtained assuming that the density at the wall equals
zero. This assumption is valid for strongly absorbing
walls and high pressures. The second term becomes im-
portant when A ~ «vH, which occurs for low pressures
and/or low sticking coefficients.

The same formalism can be used to estimate the effec-
tive gradient length for positive ions in the electronega-
tive plasma when their production is also homogeneous
in the plasma glow. Assuming that the positive ion den-
sity drops to zero near the edge of the sheath results in
an approximate gradient length of H,/v/12.
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