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Formation processes of negative ions in low-pressure plasmas are not yet fully understood: as a rule
experiments reveal higher negative ion density than predicted by the models. In this work we report
near-surface generation of negative ions. This hitherto neglected formation mechanism appears to be
important in low-pressure discharges and can have large impacts on the bulk plasma chemistry. We
monitor energy-resolved positive and negative ion fluxes arriving at the electrodes in an oxygen
parallel-plate radio-frequency~rf, 13.56 MHz! and dc glow plasmas by means of a quadrupole mass
spectrometer. Negative ions formed in the plasma volume are observed by extracting them through
an orifice in the anode of a dc glow discharge. Unexpectedly, we record large negative ion signals
at the cathode of a dc discharge and at the grounded electrode of an rf discharge. These ions are
formed in the plasma sheath, in collision processes involving high-energy species. We propose an
efficient mechanism of negative ion generation due to ion pair formation in the sheath. ©2001
American Vacuum Society.@DOI: 10.1116/1.1374617#
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I. INTRODUCTION

Numerous applications of low-pressure plasmas req
thorough studies of neutral species as well as ions. There
many situations in which the role of negative ions is ess
tial. For example, electronegative gases are widely use
the technology of plasma–surface processing. In depos
plasmas silane, hydrocarbons, and ammonia are invol
while in sputtering and etching applications oxygen, ha
gens, fluorocarbons, and related gases are popular. T
electronegative species readily attach electrons in the
charge: XY1e→(XY2)* . Under low-pressure condition
the above process is often followed by dissociation of
excited complex: (XY2)* →X1Y2. This dissociative at-
tachment~DA! process is accepted as the major format
mechanism of negative ions in low-pressure plasmas. Its
ficiency depends on the individual molecule; the cross s
tions can be as high as 10218 m2. DA may be strongly en-
hanced by vibrational/electronic excitation of the parent g
In electronegative plasmas for surface processing nega
ions can reach relatively high densities as a result of elec
attachment to ground state and excited species. For exam
in oxygen and CF4 plasmas negative ion density is abo
1016 m23, which exceeds the electron density by one or
of magnitude. The presence of negative ions completely
ters the discharge operation and opens a new field in pla
chemistry. Essential issues are the mechanisms of the n
tive ion generation and destruction, the influence of nega
ions on transport properties of charged species~ambipolar
diffusion!, the structure of the plasma sheath~Bohm veloc-
ity!, and finally the chemical interactions between neutr
and negative ions.1

*No proof corrections received from author prior to publication.
a!Electronic mail: e.stoffels@phys.tue.nl
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Electronegative low-pressure media are also commo
used for the generation of negative ion beams,2 e.g., for ther-
monuclear fusion applications. One can distinguish betw
volume sources and surface converters. Volume sources
usually realized by means of low-pressure plasmas,
negative ion production proceeds by DA to~excited! mol-
ecules. Surface sources are also often plasma assisted;
tive ions are formed by surface conversion of positive ions
by ion-induced sputtering of surface-adsorbed atoms.
mechanism involves electron transfer from the conduct
band of the solid state. Usually, materials with low wo
function, like caesium or barium are applied, but recen
many authors have considered stainless steel3 or diamond
surfaces.4 In the latter case, the conduction band of the~111!
surface lies even above the vacuum level. For insulating
faces, like LiF, up to 60% surface conversion of O1 to O2

has been reported.5 In most surface sources positive ions a
accelerated perpendicularly to the surface and the resu
negative ions are backscattered. However, electron transf
more efficient at grazing incidence of the positive ion, due
the longer interaction time with the surface.5

It is believed that in electronegative radio-frequency~rf!
discharges used for surface processing negative ions are
involved in surface interactions. Unlike positive ions, whi
are accelerated in the plasma sheath towards the elect
negative ions remain confined in the positive plasma glo
Normally, their behavior is governed by volume producti
~DA! and destruction~recombination, detachment! pro-
cesses. Extraction of negative ions from radio-frequen
sources is generally a troublesome task. Negative ion flu
cannot be recorded at the surface during normal rf plas
operation. Mass spectrometric detection of negative ion
achieved either by pulsing the plasma and collecting sign
in the afterglow phase, or by applying a positively bias
21091Õ19„5…Õ2109Õ7Õ$18.00 ©2001 American Vacuum Society
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2110 Stoffels et al. : Near-surface generation of negative ions 2110
extraction orifice. However, in this work we report dire
mass spectrometric measurements of negative ion fluxes
ing rf plasma operation, using an unbiased orifice. Si
these ions cannot originate from the plasma volume, we c
sider several possibilities of near-surface ion generat
These effects have been observed in oxygen and CF4 gases,
using rf as well as dc excitation. The latter case has b
studied to obtain insight in bulk plasma and sheath/surf
ion production. Negative ions in dc glow discharges can
directly extracted from the volume on the anode side, but
have also observed large signals at the cathode side, pre
ably from ions formed in the cathode fall region.

II. EXPERIMENT

Measurements have been performed in a low pres
parallel-plate reactor with electrodes of 10 cm diame
made of stainless steel. Two kinds of plasmas have b
generated: a capacitively coupled 13.56 MHz and a dc g
discharge. The pressure ranges between 0.05 and 0.2 m
Low oxygen flows have been used. The measured ion co
rates are found to be independent of the gas flow; the
shown in this work are collected at a standard flow rate of
sccm oxygen. Positive and negative ion fluxes arriving at
upper electrode have been monitored by a HIDEN quad
pole mass spectrometer~QMS! with an energy selector. Spe
cies have been extracted through a 150mm orifice in the
upper electrode. In Figure 1 the local potentials for the va
ous cases are shown schematically, including the potentia
the first ion lens in the QMS. The extraction electrode
grounded during the measurements in the rf discharge, an
the dc discharge when it acts as the anode. For the mea
ments at the cathode side, a high negative dc bias~up to
2900 V! is applied and the whole QMS frame is set at th

FIG. 1. Scheme of the potential distribution inside the radio frequency~top!
and dc plasmas, while measuring on the anode~middle! and cathode sides
~bottom!, including the first ion lens of the mass spectrometer for b
positive ~left! and negative~right! ion flux measurements. The numbe
indicate:~1! counter electrode,~2! plasma region~about 5 cm!, ~3! extrac-
tion electrode, with an extraction orifice of 150mm, ~4! differentially
pumped acceleration region inside the quadrupole mass spectromete
~5! first ion lens, typically at an acceleration voltage of 100 V with resp
to the extraction orifice. The horizontal lines indicate ground potential
the radio frequency and anode measurements the extraction electrode~3! is
at ground potential, while in the cathode measurements the counter elec
~1! is grounded.
J. Vac. Sci. Technol. A, Vol. 19, No. 5, Sep ÕOct 2001
ur-
e
n-
n.

n
e
e
e
m-

re
r,
en
w
ar.
nt
ta
0
e
-

i-
on
s
in
re-

reference potential. In this case the counter electrode
grounded. After passing the extraction orifice the ions
focused by an ion lens into the energy and mass selec
units of the QMS. The ion lens has an accelerating voltag
about 100 V with respect to the extraction orifice. Thus it
positive when detecting negative ions and negative when
tecting positive ions. In practice the energy spectra are
tained by recording ion fluxes at zero energy in the ene
selector, while varying the reference potential of the co
plete QMS unit. In this way, the potential range available
scan is largest~from 21000 to 1000 V!, and in case the
electrode is biased with a high voltage, ion energies w
respect to the bias potential are obtained. Consequently
ion energy, measured by the QMS, reflects the kinetic ene
of ions at the extraction orifice.

III. ION ENERGY SPECTRA

A. Positive ions in a radio-frequency oxygen plasma

First, we would like to discuss some features of ene
spectra of positive ions extracted from 13.56 MHz oxyg
plasma. Energy-resolved signals of O1 and the dominant ion
O2

1 are shown in Fig. 2. At the applied excitation frequenc
energy distributions of positive ions accelerated in t
plasma sheath often display a typical double-peak~saddle!
structure, with the high-energy peak corresponding roug
to the maximum sheath voltage during the rf cycle. Howev
in the considered pressure range various collision proce
lead to a loss of high-energy ions, and to the creation of n
ions on arbitrary position in the sheath. As a result,
saddle-like features are lost and many low-energy ions
observed in the energy spectra. This is especially valid
O2

1 ions, which can undergo charge transfer with O2 mol-
ecules while passing through the sheath:

O2
1~highE!1O2~ low E!→O2~highE!1O2

1~ low E!.

Cross sections are typically in the order of 10219 m22 for
resonant charge transfer processes.6 Charge transfer is pre
dominantly responsible for the deformation of the O2

1 energy
distribution, and additionally it leads to near-electrode fo
mation of neutral species with high kinetic and/or intern
energies. In the spectrum it is visible that some O2

1 ions have
apparently negative energies. This effect can also be
plained by collision processes. After positive ions pa
through the orifice, they are subject to ion focusing opti
First they are accelerated by the lens with a standard se

and
t
n

de

FIG. 2. Energy-resolved positive ion spectra of O2
1 and O1 in an rf plasma

at 0.150 mbar, for two power levels: 50 and 100 W.
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2111 Stoffels et al. : Near-surface generation of negative ions 2111
of 2100 V, and subsequently decelerated before they e
the energy analyzer~see Fig. 1!. In the first sector of about 1
cm length, between the orifice and the lens, some ba
ground gas can still be present. Charge transfer collisi
between O2

1 and background O2 molecules lead to the cre
ation of ions with zero kinetic energy, at a local potent
which is negative with respect to the electrode~orifice!. In
terms of the QMS settings, these ions are collected when
QMS frame is set at a negative potential. The ‘‘negat
energy’’ tail can be modeled taking a gas density pro
between the orifice and the ion-focusing lens and a cha
transfer cross section. The former can be approximated b
adiabatic expansion profile with a density decaying asn(x)
;x22, wherex is the penetration depth into the QMS. Th
cross section can be reasonably estimated from semiem
ical formulas, e.g., using a hydrogen-like model and sca
laws of Firsov and Demkov.6 The cross section varies slowl
with ion energy assCT;10219 @32 log(E)# m22, for E in
the range of tens to hundreds of eV. The amount of io
created at positionx within the QMS is thusn(x),n1(E)
sCT@E1eV(x)#.Dx, wheren1(E) represents the positiv
ions from the plasma. The counts taken from energy spe
at E.0 are a good measure forn1(E), allowing to scale the
‘‘negative tail’’ to the bulk plasma spectrum. Ions created
charge transfer atx are eventually detected when the refe
ence is set to the local potentialV(x);2104x@V#, andDx
;1024 m corresponds to the energy resolution~1 eV!. In
Fig. 3 it can be seen that this simple approach allows m
eling the count rates of ions with a ‘‘negative energy’’ with
reasonable accuracy. Naturally, the ‘‘negative energy’’ tai
absent in the energy spectra of O1. In our conditions the
possibilities of a symmetric charge transfer of O1 with O are
limited due to overall low density of oxygen atoms. Ther
fore, despite relatively high pressures, the O1 energy distri-
bution still resembles the saddle-like one expected in
sence of collisions.

B. Negative ions in a radio-frequency oxygen plasma

In oxygen rf plasma, direct signals of O2 ions extracted
through an orifice in the grounded electrode have been

FIG. 3. Measured ‘‘negative energy’’ tail of the O2
1 spectrum in an rf plasma

~at 0.150 mbar, 50 W power!. Thick line corresponds to the charge transf
model. The experimental counts of incoming O2

1 at energies. 0 eV are
used as input to predict the count rates at negative energies.
JVST A - Vacuum, Surfaces, and Films
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corded in the pressure range of 0.050–0.200 mbar. Typ
energy spectra at two power levels are shown in Fig. 4. I
arrive at the electrode with low kinetic energies, of at mos
few eV. The dependencies of total~energy-integrated! count
rates on power and pressure are displayed in Fig. 5.
energy increases somewhat with increasing rf power
pressure. These dependencies indicate that O2 ions are cre-
ated in a genuine plasma process, possibly with the as
tance of energetic plasma particles. Negative ions from
plasma glow cannot reach the electrode. With their typi
velocities of a few hundreds m/s they cannot pass the
tance of the sheath~about 1 cm! in the short time~about 10
ns! when the sheath voltage collapses during the rf cycle.
realistic ion formation process in the glow can provide io
with kinetic energies sufficient to cross the potential barr
of the sheath~30–40 eV, as can be seen from positive i
spectra in Fig. 2!. It is therefore plausible to conclude tha
detected negative ions do not originate from the glow,
are produced in the near-electrode region. We are aware
the fraction of sheath-produced ions that eventually reac
the QMS is small; the majority is most likely directed in
the plasma. Thus this sheath process opens a new, poten
important formation channel, which may have large implic
tions for understanding the negative ion chemistry in lo
pressure discharges.

C. Negative ions in an oxygen dc glow

Before proposing actual sheath/surface formation mec
nisms, it is interesting to compare the negative ion behav
in rf and dc discharges. In the latter case, negative ions

FIG. 4. Typical energy-resolved spectrum of the O2 flux arriving at the
grounded electrode of an rf plasma at 0.150 mbar oxygen pressure fo
and 100 W power.

FIG. 5. Energy-integrated count rates of O2 measured at the grounded ele
trode of an rf plasma as a function of rf power at 0.150 mbar~a! and
pressure at 30 W~b!.
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2112 Stoffels et al. : Near-surface generation of negative ions 2112
be extracted directly through an orifice in the anode. The
fore one can use the same mass spectrometric diagnostic
bulk ions as for near-surface created ions. This yields in
mation on the negative ion densities in the plasma and h
to decide on the importance of bulk plasma and she
surface formation processes.

In an oxygen dc discharge, fluxes of both O2
2 and O2 ions

have been detected. The total counts are shown in Fig. 6
function of discharge pressure and voltage. As expected,
der most of the studied conditions O2 is the dominant nega
tive ion. This is consistent with previous measurements
laser-induced photodetachment.7 In low-pressure discharges
O2 is readily produced by DA, while O2

2 cannot be effi-
ciently formed by nondissociative, three-body attachmen
O2 molecules. Some O2

2 can result from charge transfer b
tween O2 and excited O2 molecules@O2~a!, O2~b!], but
these processes do not provide high densities of molec
ions.

Typical energy spectra are shown in Fig. 7. Ions arrive
the electrode with a kinetic energy of about 5 eV, cor
sponding to the anode fall voltage. A remarkable differen
between the energy distributions of O2 and O2

2 is that the
former displays a high-energy and the latter a low-ene
tail. O2 ions, when produced by DA in the plasma glow, c
carry some kinetic energy~of the order of 1 eV!. Moreover,
ions are created over the whole length of the plasma. S
there is a small potential gradient in the positive colum
negative ions arriving at the anode can have higher ener
~10–20 eV! than the mere 5 eV gained in the anode fall.
high-energy tail is not observed for O2

2 ions. These species
in analogy to O2

1 , can undergo symmetric charge trans
collisions with O2 molecules, which provides very efficien

FIG. 6. Energy-integrated negative ion fluxes of O2
2 and O2 arriving at the

anode side of a dc plasma glow as a function of pressure at 840 V cat
voltage and as a function of cathode voltage at 0.150 mbar O2 pressure.

FIG. 7. Typical energy spectra of O2
2 and O2arriving at the anode side of a

dc plasma glow at 840 V cathode voltage and 0.150 mbar pressure.
J. Vac. Sci. Technol. A, Vol. 19, No. 5, Sep ÕOct 2001
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thermalization with the background gas. Charge transfer a
occurs while O2

2 ions pass through the anode fall. This is t
reason for the low-energy tail in the O2

2 energy distribution
from Fig. 7.

So far one cannot distinguish between ‘‘ordinary’’ neg
tive ions, produced by DA in the plasma column, and io
created by near-surface processes, as suggested above
case of rf plasma. At the considered pressures, thermaliza
and detachment in the glow are very efficient, so no spe
features can be observed in the energy spectra. Howe
measurements at lower pressures bring more insight. In
8 energy distributions of O2 and O2

2 at 0.05 mbar are shown
The spectrum still displays the ‘‘thermal’’ peak at about
eV, as in Fig. 7, but the abundance of high-energy nega
ions is striking. The total counts from the high-energy t
exceed the counts of thermal ions by a factor of 10 for O2

and 5 for O2
2 . Note also that under these conditions O2

2 is
the dominant negative ion: the abundance ratio of O2

2/O2 is
about 2.5 for thermal ions~0–20 eV, see Fig. 6! and 1.2 for
high-energy ions~higher than 20 eV!. The high-energy tail
extends to high values, especially for the O2 ion. Naturally,
collisions in the plasma column result in energy loss, but s
some ions arrive at the anode with very high energies,
about 800 eV. This is a clear indication that some ion p
duction must take place close to the cathode surface.
created in the cathode fall region are accelerated towards
anode by the cathode voltage, which is only slightly low
than the total discharge voltage~850 eV!. Only in this way
can the ions gain energies of several hundreds of eV. Sim
observations were made by Zeuneret al.8 who studied hy-
drogen rf plasmas at very low pressures. Some negative
were produced at the powered electrode and accelerate
the rf sheath. Under low-pressure conditions, these spe
traveled as ‘‘projectiles’’ through the whole plasma glow
Since the sheath voltage at the grounded electrode is sub
tially lower than the rf sheath voltage, fast ions had enou
energy to cross the sheath, so they could be detected a

de

FIG. 8. Energy spectra of O2
2 and O2 arriving at the anode side of a d

plasma glow at 840 V cathode voltage and 0.050 mbar pressure. The
shows the detailed structure of the spectrum at the low-energy side. N
tive ions from the plasma bulk~thermal ions! are present, as in Fig. 7. In
addition, high-energy ions formed in the cathode region and acceler
through the plasma are visible at low pressures.
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2113 Stoffels et al. : Near-surface generation of negative ions 2113
grounded electrode. Note that in our oxygen rf plasma,
scribed in the previous section, we do not observe ions
ated at the opposite~powered! electrode, since the pressure
too high. Since the signal detected at the grounded elect
increases with pressure@Fig. 5~b!#, it can be only due to ions
created near the extraction place, otherwise it would rap
decrease with pressure, as in case of Zeuneret al.8 Note,
however, that the measurements of the latter authors
indicate negative ion production inside the sheath region
radio-frequency plasma.

The described arrival of high-energy ions at the anode
a dc glow, or at the grounded electrode of an rf discharg
an indication of negative ion formation near the surface
the opposite electrode. Next, we have checked whether n
tive ions can be also detected close to their formation pl
in a dc glow, i.e., at the cathode side. The conditions at
cathode are comparable with the previously described
case, except that the cathode fall voltage is higher than
sheath voltage at the grounded electrode~see Fig. 2!. Indeed,
also at the cathode side large signals of O2 and O2

2 ions
have been recorded. Typical energy spectra are shown in
9. In Fig. 10 it can be seen that the height of the sign
increases exponentially with increasing dc voltage. Mo
over, a considerable increase of ion fluxes with pressure
been observed, as shown in Fig. 11. The energy spectra
Figs. 9 and 10 are remarkable and they can yield some c
about the ion formation mechanism. Generally, most io
detected at the cathode side have low energies. The en
distribution of O2 peaks at zero eV, with a width at ha
height of about 5 eV. However, in the case of O2 a signifi-
cant high-energy tail can be observed, which extends

FIG. 9. Energy-resolved negative ion fluxes of O2and O2
2 arriving at the

cathode side of a dc plasma glow at 0.150 mbar pressure, 850 V cat
voltage. Note the typical double peak structure and the ‘‘negative ener
tail in the energy distribution of O2

2 .
JVST A - Vacuum, Surfaces, and Films
-
e-

de

ly

so
a

f
is
f
a-
e
e
rf
he

ig.
ls
-
as
m
es
s
rgy

to

about 50 eV. This implies that some negative ions crea
near the cathode surface have high velocities towards
surface. The amount of detected ions and their high kin
energies are surprising, considering the presence of a l
cathode voltage, which repels negative ions from the extr
tion place.

Unlike O2, the energy distribution of O2
2 does not dis-

play a high-energy tail. It has a typical double peak struct
at energies around 0 eV, and it extends towards nega

de
’’

FIG. 10. Energy-resolved negative ion fluxes of O2and O2
2 arriving at the

cathode side of a dc plasma glow at 0.150 mbar pressure for various ca
voltages. The ion energies are measured with respect to ground~reference
voltage!. Thus, at a given cathode voltageV~cathode!, the ions collected at
reference equal toV~cathode! are zero-energy ions. Ions with velocity to
wards the cathode~kinetic energy larger than zero! are measured at refer
ence voltage more negative thanV~cathode!. Therefore O2 displays a high-
energy tail, while O2

2 has apparently negative kinetic energy.

FIG. 11. Energy-integrated negative ion fluxes of O2
2 and O2 arriving at the

anode side of a dc plasma glow as a function of pressure, at 850 V cat
voltage.
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2114 Stoffels et al. : Near-surface generation of negative ions 2114
energies. The latter feature has already been mentione
O2

1 ions ~see Fig. 3!, and it can be modeled in a similar wa
by assuming a symmetric charge exchange process in
region immediately behind the extraction orifice. Howev
in the case of O2

2 ions taking part in symmetric charge tran
fer, they have rather low energies. The semiemipirical
proximation for the charge transfer cross section pred
10218 m2 in the limit of low energy, but it may significantly
underestimate the real value. For most ions, charge tran
cross sections are largest at zero energy. Therefore in
model we have used a somewhat larger value of 2310218

m2. As shown in Fig. 12, a good fit to the experimental da
has been obtained.

D. Positive ions in an oxygen dc glow

Finally, some energy spectra of positive ions arriving
the cathode are given for comparison. In Fig. 13 energy
tributions of O2

1 ~the dominant ion! and O1 are shown.
High-energy ions accelerated by the cathode fall are visi
but most of the ions have lower energies due to collisions
striking feature of the O2

1 spectrum is a characteristic doub
peak at nearly zero energy. This resembles a structure in
O2

2 spectrum~Fig. 9!. Charge transfer or collisional energ
loss of bulk ions cannot explain the peak in the O2

1 signal at
zero energy, as these processes result only in broadenin
the energy distribution. Therefore we conclude that the z
energy positive ions are created in the sheath very clos
the electrode surface, in an ionization process which is
sentially different from bulk processes.

IV. POSSIBLE NEGATIVE ION FORMATION
MECHANISMS

The above observations indicate that the chemistry of
plasma sheath is very rich. A variety of electron transfer
ionization processes can occur, but so far their nature
influence on the bulk chemistry is poorly understood. In a
case one can expect that high-energy species arriving a
surface~positive ions accelerated in the sheath, and hot n
trals created by charge transfer! take part in the generation o
negative ions. This follows from the dependence of the s
nals on plasma power in rf@Fig. 5~a!#, and voltage in the dc

FIG. 12. Measured ‘‘negative energy’’ tail of the O2
2 energy spectrum at 0.2

mbar pressure and 850 V cathode voltage. The thick line indicates
model, used to predict the count rates of ions created behind the extra
orifice due to charge transfer reactions~similar to O2

1 from Fig. 3!.
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case~Fig. 10!. In both cases, negative ion fluxes are clea
enhanced at high voltages/power levels, which correla
with the amount and energy of positive ions and neutral s
cies. Next, the increase of the signals with pressure@Figs.
5~b! and 11# does not necessarily indicate a genuine surf
process, but rather a near-surface collision process with
background gas. Another remarkable feature is the hi
energy tail of O2 ions, especially at the cathode in the d
case~Fig. 9!. For O2, a possible mechanism could be io
pair formation from O2 upon impact of high-energy positiv
ions:

O21X1~high E!→O11O21X1.

The proposed process explains why we are able to detect
negative ions by the QMS. The momentum transfer from
high-energy positive ion will result in a certain velocity com
ponent of O2 towards the electrode, so that the produc
negative ion can be extracted through the orifice. For h
incident X1 energies, one can also expect the existence
high-energy tail in the energy distribution of negative ion
in agreement with observations at the cathode of a dc
charge~Fig. 9!.

Ion pair formation in oxygen upon electron impact is
well-known process: its cross section is about 5310223 m22

for electron energies higher than 30 eV. It is expected t
energetic heavy particles, like positive ions or fast neutr
are more efficient in dissociating and ionizing molecules, d
to a large momentum transfer in a collision. Some data
available for high-energy hydrogen ion beams in the k
range. For example, ion pair formation: H1 ~high E)1H2

→H11H11H2 has a cross section of 10221 m22 at 10–20

e
ion

FIG. 13. Energy spectra of O1 and O2
1 arriving at the cathode of a dc glow

discharge at 0.150 mbar pressure and 850 V cathode voltage. A det
low-energy structure in the O2

1 spectrum is shown separately.
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keV. This is in the same order of magnitude as cross sect
for other proton-induced ionization processes of H2 @e.g., H1

~high E)1H2→2H11H1e]. Interactions of H1 ~high E!
with oxygen lead to the production of secondary O1 ions
with a total cross section of 2310220 m22. Considering the
large contribution of H1/H2 formation process to the tota
ionization in the case of hydrogen, one can expect also in2

that O1/O2 formation will occur with a reasonable probab
ity. The cross sections are weakly dependent on the incid
ion energy. The trends in the high-energy range indicate
also for ion energies in the sub-keV range~e.g., 0.5–0.9 keV,
as in our dc cathode fall! the cross section for ion pair for
mation is still quite large. Moreover, heavier positive ion
like O2

1 and O1 are expected to be more efficient than H1.
Concluding, although to our knowledge there is no spec
data on ion pair formation in O2 upon O2

1 impact, one can
anticipate a cross sections ip in the order of 10220 m22 for
this process.

Formation of negative ions in the above process occ
most likely in the closest vicinity of the electrode, where t
positive ions have their highest energies. At 0.2 mbar,
mean free path for O1/O2 formation would be about 3 cm
Assuming that O2 is created close to the electrode in a sl
with thicknessDx of about 1 mm, the detected count rate
O2 should be at most 3% of the detected count rate of hi
energy positive ions. Of course, it is not expected that all
generated negative ions will reach the QMS; most of th
will be scattered and reflected to the plasma glow. We
serve O2 signals of 0.1%–1% of the O2

1 count rates, which
is in a reasonable range. Furthermore, it is interesting to
timate to what extent ion pair formation in the sheath c
contribute to the total negative ion production in the d
charge. For this purpose, one has to compare the vol
production by DA, given byn0nekatt3Vpl , wheren0 is the
background gas density,ne the electron density,katt the DA
cross section for oxygen, andVpl the plasma volume, with
sheath productionn0s ipF1•

Vsh whereVsh is the volume of
the slab with thicknessDx. The positive ion fluxF1 can be
approximated by the Bohm fluxn1vB , with typical ion den-
sitiesn1'1016 m23 and Bohm velocitiesvB'103 m/s. Fur-
ther, the electron density in the considered discharge is in
order of 1015 m23 and katt'10217 m3/s. By filling in the
above values one can estimate the ratio of surface to vol
production rates:

Psh

Ppl
5

s ipF1

nekatt
•

Dx

L
'10

Dx

L
.

Since the length of the plasma glow in most parallel pl
configurations does not exceed a few centimeters, one
see that the sheath production rate is in the same orde
magnitude as the volume rate. In other words, ion pair f
mation in the sheath forms potentially an important chan
for negative ion generation in low-pressure discharges.

For molecular ions, near-surface production processes
expected to play an even more important role than for O2.
As stated before, volume production of O2

2 is not efficient
under low pressures. In contrast to O2, O2

2 production by
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ion pair formation is not likely. One the other hand, th
energy density in the vicinity of the electrode is so high th
there are many processes that can occur only there.
could consider conversion of high-energy positive ions arr
ing at the surface, or charge transfer between ground s
and highly excited O2 molecules~the reverse of commonly
known ion–ion recombination: O2* 1O2→O2

11O2
2). The

latter process would explain the similarity in the low-ener
structures present both in O2

1 and O2
2 spectra~Figs. 9 and

13!. However, there is little known about the abundance
O2* in the sheath, so no conclusive answer can be give
present.

V. CONCLUSIONS

We have measured the positive and negative ion flu
arriving at the electrodes in an oxygen radio frequency a
dc plasma by means of energy-resolved mass spectrom
Surprisingly, negative ions have been found arriving at
electrode of a radio-frequency plasma and at the cathode
dc plasma. These ions cannot come from the plasma g
They are also unlikely to result from the conversion of po
tive ions upon impact on the electrode surface, since
negative ion formed in this process would be accelerated
the plasma and not towards the mass spectrometer. Th
fore, the detected negative ions must be formed inside
plasma sheath, close to the surface. Apparently, the sh
chemistry is very rich and various processes involving hig
energy species can lead to negative ion generation. Ion
formation from O2 by positive ion impact is proposed as a
efficient sheath production channel of O2. The results indi-
cate that sheath and surface can be important source
negative ions. So far, such formation processes have
been considered in plasma models, which deal only w
electron attachment in the plasma glow. On the other ha
most experiments show that negative ion densities in
glow of low-pressure plasmas are higher than the ones
dicted by the models. In order to overcome this incons
tency in modeling, and to obtain the full view of plasm
chemistry, near-surface as well as volume processes mu
taken into account.
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