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Near-surface generation of negative ions in low-pressure discharges

E. Stoffels® and W. W. Stoffels
Department of Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
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Institute for Physics, University of Greifswald, Domstr. 10a, D-17487 Greifswald, Germany

(Received 2 November 2000; accepted 2 April 2001

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-frequendyf, 13.56 MH2 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 sheathB00®
American Vacuum SocietyDOI: 10.1116/1.1374617

[. INTRODUCTION Electronegative low-pressure media are also commonly
o _used for the generation of negative ion bedresy., for ther-

Numerous applications of low-pressure plasmas requirgnonuclear fusion applications. One can distinguish between
thorough studies of neutral species as well as ions. There a{g|ume sources and surface converters. Volume sources are
many situations in which the role of negative ions is esseNysually realized by means of low-pressure plasmas, and
tial. For example, electronegative gases are widely use_d_ iHegative ion production proceeds by DA texcited mol-
the technology of plasma—surface processing. In depositiogeyles. Surface sources are also often plasma assisted; nega-
plasmas silane, hydrocarbons, and ammonia are involvegye jons are formed by surface conversion of positive ions or
while in sputtering and etching applications oxygen, halo-,y jon.induced sputtering of surface-adsorbed atoms. The
gens, fluorocarbons, and related gases are popular. Thegg hanism involves electron transfer from the conduction
electronegative species readily attach electrons in the digsang of the solid state. Usually, materials with low work

. —\* i

charge: XY+e—(XY")*. Under low-pressure conditions ¢nction, like caesium or barium are applied, but recently

the above process is often followed by dissociation of th%any authors have considered stainless teeldiamond

. ) ok _ A -
excrllted coDn;\pIex. XY )_ —X+Y .dThlshdlssoplat:cve at- surfaced. In the latter case, the conduction band of ¢h#1)
tachment(DA) process is accepted as the major formation urface lies even above the vacuum level. For insulating sur-

mechanism of negative ions in low-pressure plasmas. Its e‘fﬁaces, like LiF, up to 60% surface conversion of @ O

f!C|ency depends on the |nd|V|2duaI molecule; the cross >€%has been reportetiin most surface sources positive ions are
tions can be as high as 18 m?. DA may be strongly en- . .
L . o accelerated perpendicularly to the surface and the resulting
hanced by vibrational/electronic excitation of the parent gas, o )
. : ._hegative ions are backscattered. However, electron transfer is
In electronegative plasmas for surface processing negative

ions can reach relatively high densities as a result of eIectrOEZrﬁ)sff;'?l?tte?;g{iiﬁ'r:?n: Zcﬁﬁlnffeo;j?fg:s'uve lon, due to
attachment to ground state and excited species. For example,” . ger . : :

in oxygen and CJ plasmas negative ion density is about . It is believed that in electroneganye radm—f_rquerﬁdy

10 m-3, which exceeds the electron density by one Orderdlscharges used for surface processing negative ions are not
of magni:[ude The presence of negative ions completely alinvolved in surface interactions. Unlike positive ions, which
ters the discharge operation and opens a new field in plasnf{€ accelerated in the plasma sheath towards the electrode,
chemistry. Essential issues are the mechanisms of the neg3€9ative ions remain confined in the positive plasma glow.
tive ion generation and destruction, the influence of negativélormally, their behavior is governed by volume production
ions on transport properties of charged specisbipolar (DA) and destruction(recombination, detachmentpro-

diffusion), the structure of the plasma shedBohm veloc- ~ CESS€s. _Extraction of negative ions from rad_io-fr_equency
ity), and finally the chemical interactions between neutral$OUrces is generally a troublesome task. Negative ion fluxes
and negative ion. cannot be recorded at the surface during normal rf plasma

operation. Mass spectrometric detection of negative ions is
*No proof corrections received from author prior to publication. ?Ch'eved either by pulsing the plasma and coI!eptmg S'gna|5
dElectronic mail: e.stoffels@phys.tue.nl in the afterglow phase, or by applying a positively biased
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Fic. 1. Scheme of the potential distribution inside the radio frequétugy reference potential. I.n this case the Coqr.]ter ele(.:tmde IS
and dc plasmas, while measuring on the angdieldle) and cathode sides grounded' After passing the extraction orifice the ions are
(bottom), including the first ion lens of the mass spectrometer for bothfocused by an ion lens into the energy and mass selection
positive (left) and negative(right) ion flux measurements. The numbers ynits of the QMS. The ion lens has an accelerating voltage of

indicate: (1) counter electrode2) plasma regior(about 5 cny, (3) extrac- : : s i
tion electrode, with an extraction orifice of 150m, (4) differentially about 100 V with respect to the extraction orifice. Thus it is

pumped acceleration region inside the quadrupole mass spectrometer, aR@Sitive when detecting negative ions and negative when de-

(5) first ion lens, typically at an acceleration voltage of 100 V with respecttecting positive ions. In practice the energy spectra are ob-

to the extraction orifice. The horizontal lines indicate ground pg(tge}ntial. |ntained by recording ion fluxes at zero energy in the energy

the radio frequency and anode measurements the extraction ele@jasle : : :

at ground potential, while in the cathode measurements the counter electrogﬁelecmr' Wh"e_ varylng the reference POtentlal of the com-

(1) is grounded. plete QMS unit. In this way, the potential range available to
scan is largestfrom —1000 to 1000 V, and in case the

electrode is biased with a high voltage, ion energies with

extraction orifice. However, in this work we report direct respect to the bias potential are obtained. Consequently, the
mass spectrometric measurements of negative ion fluxes duen energy, measured by the QMS, reflects the kinetic energy
ing rf plasma operation, using an unbiased orifice. Sinc®f ions at the extraction orifice.
these ions cannot originate from the plasma volume, we con-
sider several possibilities of near-surface ion generationlll. ION ENERGY SPECTRA
These effects have been observed in oxygen andgases, L : :
using rf as well as dc excitation. The latter case has beeﬁ" Positive ions in & radio-frequency oxygen plasma
studied to obtain insight in bulk plasma and sheath/surface First, we would like to discuss some features of energy
ion production. Negative ions in dc glow discharges can bespectra of positive ions extracted from 13.56 MHz oxygen
directly extracted from the volume on the anode side, but w@lasma. Energy-resolved signals of @nd the dominant ion
have also observed large signals at the cathode side, presuf, are shown in Fig. 2. At the applied excitation frequency,
ably from ions formed in the cathode fall region. energy distributions of positive ions accelerated in the
plasma sheath often display a typical double-pé&sdddie
structure, with the high-energy peak corresponding roughly
Il. EXPERIMENT to the maximum sheath voltage during the rf cycle. However,
Measurements have been performed in a low pressuri@ the considered pressure range various collision processes
parallel-plate reactor with electrodes of 10 cm diameter]ead to a loss of high-energy ions, and to the creation of new
made of stainless steel. Two kinds of plasmas have beeions on arbitrary position in the sheath. As a result, the
generated: a capacitively coupled 13.56 MHz and a dc gloveaddle-like features are lost and many low-energy ions are
discharge. The pressure ranges between 0.05 and 0.2 mbahserved in the energy spectra. This is especially valid for
Low oxygen flows have been used. The measured ion cour, ions, which can undergo charge transfer with @ol-
rates are found to be independent of the gas flow; the datacules while passing through the sheath:
shown in this work are collected at a standard flow rate of 10 . . . +
sccm oxygen. Positive and negative ion fluxes arriving at the O (high &) + Ox(low E)— O high &) + O, (low E).
upper electrode have been monitored by a HIDEN quadruCross sections are typically in the order of #m~2 for
pole mass spectrometépMS) with an energy selector. Spe- resonant charge transfer procesS@harge transfer is pre-
cies have been extracted through a 1&® orifice in the  dominantly responsible for the deformation of thg energy
upper electrode. In Figure 1 the local potentials for the vari-distribution, and additionally it leads to near-electrode for-
ous cases are shown schematically, including the potential omation of neutral species with high kinetic and/or internal
the first ion lens in the QMS. The extraction electrode isenergies. In the spectrum it is visible that somgiGns have
grounded during the measurements in the rf discharge, and apparently negative energies. This effect can also be ex-
the dc discharge when it acts as the anode. For the measugained by collision processes. After positive ions pass
ments at the cathode side, a high negative dc kigsto  through the orifice, they are subject to ion focusing optics.
—900 V) is applied and the whole QMS frame is set at thisFirst they are accelerated by the lens with a standard setting
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Fic. 3. Measured “negative energy” tail of the/Gspectrum in an rf plasma ~ grounded electrode of an rf plasma at 0.150 mbar oxygen pressure for 10
(at 0.150 mbar, 50 W powgrThick line corresponds to the charge transfer @nd 100 W power.

model. The experimental counts of incoming @t energies> 0 eV are

used as input to predict the count rates at negative energies.

corded in the pressure range of 0.050—0.200 mbar. Typical

energy spectra at two power levels are shown in Fig. 4. lons
of —100 V, and subsequently decelerated before they enterrive at the electrode with low kinetic energies, of at most a
the energy analyzdsee Fig. L In the first sector of about 1 few eV. The dependencies of tot@nergy-integratedcount
cm length, between the orifice and the lens, some back-ates on power and pressure are displayed in Fig. 5. lon
ground gas can still be present. Charge transfer collisiongnergy increases somewhat with increasing rf power and
between @ and background ©molecules lead to the cre- pressure. These dependencies indicate thataBs are cre-
ation of ions with zero kinetic energy, at a local potentialated in a genuine plasma process, possibly with the assis-
which is negative with respect to the electra@eifice). In  tance of energetic plasma particles. Negative ions from the
terms of the QMS settings, these ions are collected when thglasma glow cannot reach the electrode. With their typical
QMS frame is set at a negative potential. The ‘“negativevelocities of a few hundreds m/s they cannot pass the dis-
energy” tail can be modeled taking a gas density profiletance of the sheatfabout 1 cmin the short time(about 10
between the orifice and the ion-focusing lens and a charges) when the sheath voltage collapses during the rf cycle. No
transfer cross section. The former can be approximated by aealistic ion formation process in the glow can provide ions
adiabatic expansion profile with a density decayinghnés)  with kinetic energies sufficient to cross the potential barrier
~x~2, wherex is the penetration depth into the QMS. The of the sheath30—40 eV, as can be seen from positive ion
cross section can be reasonably estimated from semiempispectra in Fig. R It is therefore plausible to conclude that
ical formulas, e.g., using a hydrogen-like model and scalingletected negative ions do not originate from the glow, but
laws of Firsov and Demko%The cross section varies slowly are produced in the near-electrode region. We are aware that
with ion energy assct~10 °[3—log(E)] m 2, for Ein  the fraction of sheath-produced ions that eventually reaches
the range of tens to hundreds of eV. The amount of ionghe QMS is small; the majority is most likely directed into
created at positiox within the QMS is thusm(x)<n, (E) the plasma. Thus this sheath process opens a new, potentially
o E+eV(x)]>Ax, wheren,(E) represents the positive important formation channel, which may have large implica-
ions from the plasma. The counts taken from energy spectriions for understanding the negative ion chemistry in low-
atE>0 are a good measure for, (E), allowing to scale the pressure discharges.
“negative tail” to the bulk plasma spectrum. lons created by
charge transfer at are eventually detected when the refer- C. Negative ions in an oxygen dc glow

ence is set to the local potentid(x)~ — 10*x[V], andA . .
y S P ) XLV] X Before proposing actual sheath/surface formation mecha-

~10* m corresponds to the energy resolutidneV). In . o . o )
Fig. 3 it can be seen that this simple approach allows modnisms, it is interesting to compare the negative ion behavior

eling the count rates of ions with a “negative energy” with a in rf and dc discharges. In the latter case, negative ions can
reasonable accuracy. Naturally, the “negative energy” tail is
absent in the energy spectra of OIn our conditions the

possibilities of a symmetric charge transfer of @ith O are 2000 1
limited due to overall low density of oxygen atoms. There- £

1500

counts

fore, despite relatively high pressures, thé énergy distri- 1500 1 1000 1
bution still resembles the saddle-like one expected in ab-
sence of collisions. 1000 ' ‘ 500 ‘ '
0 50 100 150 0 0,1 0,2 03
power (W) pressure (mbar)

B. Negative ions in a radio-frequency oxygen plasma

. . . Fic. 5. Energy-integrated count rates of @easured at the grounded elec-
In oxygen rf plasma, direct signals of Gons extracted yoge of an rf plasma as a function of rf power at 0.150 marand

through an orifice in the grounded electrode have been resressure at 30 Wb).
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Fic. 6. Energy-integrated negative ion fluxes of @nd O arriving at the
anode side of a dc plasma glow as a function of pressure at 840 V cathodt
voltage and as a function of cathode voltage at 0.150 mbagpré€ssure.

100 200 300 400 500

be extracted directly through an orifice in the anode. There- energy (eV)
fore one can use the same mass spectrometric diagnostics for
bulk ions as for near-surface created ions. This yields inforFic. 8. Energy spectra of Dand O arriving at the anode side of a dc

mation on the negative ion densities in the plasma and helgdasma glow at 840 V cathode voltage and 0.050 mbar pressure. The inset
ows the detailed structure of the spectrum at the low-energy side. Nega-

to decide on the importance of bulk plasma and sheathye ions from the plasma bulkthermal ions are present, as in Fig. 7. In
surface formation processes. addition, high-energy ions formed in the cathode region and accelerated
In an oxygen dc discharge, fluxes of both @nd O ions  through the plasma are visible at low pressures.
have been detected. The total counts are shown in Fig. 6 as a
function of discharge pressure and voltage. As expected, un-
der most of the studied conditions Gs the dominant nega- thermalization with the background gas. Charge transfer also
tive ion. This is consistent with previous measurements byccurs while @ ions pass through the anode fall. This is the
laser-induced photodetachmérin low-pressure discharges, reason for the low-energy tail in the,Cenergy distribution
O™ is readily produced by DA, while D cannot be effi- from Fig. 7.
ciently formed by nondissociative, three-body attachment to So far one cannot distinguish between “ordinary” nega-
0, molecules. Some Dcan result from charge transfer be- tive ions, produced by DA in the plasma column, and ions
tween O and excited @ molecules[O,(a), O,(b)], but  created by near-surface processes, as suggested above in the
these processes do not provide high densities of molecul@ase of rf plasma. At the considered pressures, thermalization
ions. and detachment in the glow are very efficient, so no special
Typical energy spectra are shown in Fig. 7. lons arrive afeatures can be observed in the energy spectra. However,
the electrode with a kinetic energy of about 5 eV, corre-measurements at lower pressures bring more insight. In Fig.
sponding to the anode fall voltage. A remarkable difference8 energy distributions of Oand G at 0.05 mbar are shown.
between the energy distributions of Gand G is that the ~ The spectrum still displays the “thermal” peak at about 5
former displays a high-energy and the latter a low-energyeV, as in Fig. 7, but the abundance of high-energy negative
tail. O~ ions, when produced by DA in the plasma glow, canions is striking. The total counts from the high-energy tail
carry some kinetic energfof the order of 1 ey. Moreover, exceed the counts of thermal ions by a factor of 10 for O
ions are created over the whole length of the plasma. Sincend 5 for G . Note also that under these conditions @&
there is a small potential gradient in the positive column,the dominant negative ion: the abundance ratio of@ is
negative ions arriving at the anode can have higher energigdout 2.5 for thermal ion€0—20 eV, see Fig.)6and 1.2 for
(10—20 eV than the mere 5 eV gained in the anode fall. A high-energy ionghigher than 20 e} The high-energy tail
high-energy tail is not observed for,Gons. These species, extends to high values, especially for thé @n. Naturally,
in analogy to @, can undergo symmetric charge transfercollisions in the plasma column result in energy loss, but still
collisions with Q molecules, which provides very efficient some ions arrive at the anode with very high energies, of
about 800 eV. This is a clear indication that some ion pro-
duction must take place close to the cathode surface. lons
created in the cathode fall region are accelerated towards the
anode by the cathode voltage, which is only slightly lower
than the total discharge voltag850 e\). Only in this way
can the ions gain energies of several hundreds of eV. Similar
observations were made by Zeursral® who studied hy-
drogen rf plasmas at very low pressures. Some negative ions
were produced at the powered electrode and accelerated by
5 0 5 10 15 20 the rf sheath. Under low-pressure conditions, these species
traveled as “projectiles” through the whole plasma glow.
energy (eV) Since the sheath voltage at the grounded electrode is substan-
Fic. 7. Typical energy spectra of;0and O arriving at the anode side of a  tially lower than the rf sheath voltage, fast ions had enough
dc plasma glow at 840 V cathode voltage and 0.150 mbar pressure. energy to cross the sheath, so they could be detected at the

600

400 -

counts

200
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Fic. 9. Energy-resolved negative ion fluxes of @d G arriving at the
cathode side of a dc plasma glow at 0.150 mbar pressure, 850 V cathode
voltage. Note the typical double peak structure and the “negative energy”
tail in the energy distribution of ©.
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reference (V)

Fic. 10. Energy-resolved negative ion fluxes of @d G arriving at the
cathode side of a dc plasma glow at 0.150 mbar pressure for various cathode
grounded electrode. Note that in our oxygen rf plasma, devoltages. The ion energies are measured with respect to groefedtence

scribed in the previous section, we do not observe ions Cré/_oltage. Thus, at a given cathode voltayécathode, the ions collected at

ted at th t( d electrod . th . _reference equal t&/(cathode are zero-energy ions. lons with velocity to-
ated at the opposiigowered electrode, since the pressure IS\, ys the cathodékinetic energy larger than zerare measured at refer-

too high. Since the signal detected at the grounded electrod@ce voltage more negative thefcathodé. Therefore O displays a high-
increases with pressufEig. 5(b)], it can be only due to ions energy tail, while @ has apparently negative kinetic energy.

created near the extraction place, otherwise it would rapidly

decrease with pressure, as in case of Zewteal® Note,

however, that the measurements of the latter authors alsgoout 50 eV. This implies that some negative ions created

indicate negative ion production inside the sheath region of &aear the cathode surface have high velocities towards the

radio-frequency plasma. surface. The amount of detected ions and their high kinetic
The described arrival of high-energy ions at the anode ognergies are surprising, considering the presence of a large

a dc glow, or at the grounded electrode of an rf discharge isathode voltage, which repels negative ions from the extrac-

an indication of negative ion formation near the surface oftion place.

the opposite electrode. Next, we have checked whether nega- Unlike O™, the energy distribution of © does not dis-

tive ions can be also detected close to their formation placglay a high-energy tail. It has a typical double peak structure

in a dc glow, i.e., at the cathode side. The conditions at th@t energies around 0 eV, and it extends towards negative

cathode are comparable with the previously described rf

case, except that the cathode fall voltage is higher than the

sheath voltage at the grounded electrtele Fig. 2. Indeed,

also at the cathode side large signals of @d G ions

have been recorded. Typical energy spectra are shown in Fig.

9. In Fig. 10 it can be seen that the height of the signals

increases exponentially with increasing dc voltage. More-

over, a considerable increase of ion fluxes with pressure has

been observed, as shown in Fig. 11. The energy spectra from

Figs. 9 and 10 are remarkable and they can yield some clues 0 0,050,10,150,20,25

about the ion formation mechanism. Generally, most ions

detected at the cathode side have low energies. The energy pressure (mbar)

distribution of O peaks at zero eV, with a width at half Fic. 11. Energy-integrated negative ion fluxes gf @d O arriving at the

height _Of about 5 eV_- However, in the case OT @ signifi-  anode side of a dc plasma glow as a function of pressure, at 850 V cathode
cant high-energy tail can be observed, which extends tooltage.

-

-

o= =

o o hhown

counts (x10°)
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Fic. 12. Measured “negative energy” tail of the;Genergy spectrum at 0.2 energy (¢V)
mbar pressure and 850 V cathode voltage. The thick line indicates the
model, used to predict the count rates of ions created behind the extraction 100000
orifice due to charge transfer reactiosémilar to G from Fig. 3.
10000 O +
g 2
energies. The latter feature has already been mentioned for S 1000 4
O, ions(see Fig. 3 and it can be modeled in a similar way
by assuming a symmetric charge exchange process in the 100 ——
region immediately behind the extraction orifice. However, 30 20 10 0 10 20 30

in the case of @ ions taking part in symmetric charge trans-
fer, they have rather low energies. The semiemipirical ap-
proximation for the charge transfer cross section predictic. 13. Energy spectra of Dand G arriving at the cathode of a dc glow
1018 m? in the limit of low energy, but it may significantly discharge at 0.150 n_1bar pressure and_ 850 V cathode voltage. A detailed
underestimate the real value. For most ions, charge transfé¥-eneray structure in the Dspectrum is shown separately.

cross sections are largest at zero energy. Therefore in the

model we have used a somewhat larger value xfle™ 8

m?. As shown in Fig. 12, a good fit to the experimental datacase(Fig. 10. In both cases, negative ion fluxes are clearly

energy (eV)

has been obtained. enhanced at high voltages/power levels, which correlates
with the amount and energy of positive ions and neutral spe-
D. Positive ions in an oxygen dc glow cies. Next, the increase of the signals with presgiigs.

5(b) and 11 does not necessarily indicate a genuine surface
the cathode are given for comparison. In Fia. 13 enerqy disP0CeSS: but rather a near-surface collision process Wlth the
g P ¢ gy background gas. Another remarkable feature is the high-

tributions of G (the dominant iop and ' are shown. energy tail of O ions, especially at the cathode in the dc
High- i I h h fall isibl '
'gh-energy ions accelerated by the cathode fall are visib e’ase(Fig. 9. For O, a possible mechanism could be ion

but most of the ions have lower energies due to collisions. A& ; tion f ) t of hiah i
striking feature of the @ spectrum is a characteristic double paur formation from @ upon impact of high-energy positive

peak at nearly zero energy. This resembles a structure in tH&"S:

O, spectrum(Fig. 9). Charge transfer or collisional energy ~ O,+ X" (highE)—-O"+0™ +X".
loss of bulk ions cannot explain the peak in the €ignal at
zero energy, as these processes result only in broadening
the energy distribution. Therefore we conclude that the zer
energy positive ions are created in the sheath very close
the electrode surface, in an ionization process which is e
sentially different from bulk processes.

Finally, some energy spectra of positive ions arriving at

Tpe proposed process explains why we are able to detect any
Regative ions by the QMS. The momentum transfer from a
/ igh-energy positive ion will result in a certain velocity com-
Sx?onent of O towards the electrode, so that the produced
negative ion can be extracted through the orifice. For high
incident X energies, one can also expect the existence of
high-energy tail in the energy distribution of negative ions,
IV. POSSIBLE NEGATIVE ION FORMATION in agreement with observations at the cathode of a dc dis-
MECHANISMS charge(Fig. 9).

The above observations indicate that the chemistry of the lon pair formation in oxygen upon electron impact is a
plasma sheath is very rich. A variety of electron transfer owell-known process: its cross section is abotB) 23 m ™2
ionization processes can occur, but so far their nature anfibr electron energies higher than 30 eV. It is expected that
influence on the bulk chemistry is poorly understood. In anyenergetic heavy patrticles, like positive ions or fast neutrals,
case one can expect that high-energy species arriving at tle@e more efficient in dissociating and ionizing molecules, due
surface(positive ions accelerated in the sheath, and hot neuto a large momentum transfer in a collision. Some data are
trals created by charge transféake part in the generation of available for high-energy hydrogen ion beams in the keV
negative ions. This follows from the dependence of the sigrange. For example, ion pair formation:"Hhigh E) +H,
nals on plasma power in [Fig. 5a)], and voltage in the dc —H"+H"+H™ has a cross section of 18! m~ 2 at 10-20
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keV. This is in the same order of magnitude as cross sectiorien pair formation is not likely. One the other hand, the
for other proton-induced ionization processes oflelg., H" energy density in the vicinity of the electrode is so high that
(high E)+H,—2H"+H+e€]. Interactions of H (high E)  there are many processes that can occur only there. One
with oxygen lead to the production of secondary @ns  could consider conversion of high-energy positive ions arriv-
with a total cross section of*210 2° m~2. Considering the ing at the surface, or charge transfer between ground state
large contribution of H/H~ formation process to the total and highly excited @ molecules(the reverse of commonly
ionization in the case of hydrogen, one can expect alsg,in Oknown ion—ion recombination: £+ 0,—0, +0,). The

that O"/O~ formation will occur with a reasonable probabil- latter process would explain the similarity in the low-energy
ity. The cross sections are weakly dependent on the inciderstructures present both in;Oand G spectra(Figs. 9 and

ion energy. The trends in the high-energy range indicate that3). However, there is little known about the abundance of
also for ion energies in the sub-keV rangeg., 0.5-0.9 keV, O.,* in the sheath, so no conclusive answer can be given at
as in our dc cathode falthe cross section for ion pair for- present.

mation is still quite large. Moreover, heavier positive ions,

like O; and O are expected to be more efficient thai H V. CONCLUSIONS

Concluding, although to our knowledge there is no specific We have measured the positive and negative ion fluxes

data on ion pair formation in Qupon G IMPact, oné can  arriving at the electrodes in an oxygen radio frequency and
anticipate a cross sectian, in the order of 10 m™=for ¢ plasma by means of energy-resolved mass spectrometry.
this process. . ) Surprisingly, negative ions have been found arriving at the
Formation of negative ions in the above process occurg|ecirode of a radio-frequency plasma and at the cathode of a
most likely in the closest vicinity of the electrode, where thedC plasma. These ions cannot come from the plasma glow.

positive ions have tcf;eir_highest_ energies. At 0.2 mbar, thﬁ'hey are also unlikely to result from the conversion of posi-
mean free path for /O™ formation would be about 3 €m. e jons upon impact on the electrode surface, since any

Assuming that O is created close to the electrode in a slabpggative jon formed in this process would be accelerated into
with thicknessAx of abogt 1 mm, the detected count rate of o' yjasma and not towards the mass spectrometer. There-
O should be at most 3% of the detected count rate of hlghfore, the detected negative ions must be formed inside the

energy positive ic_)ns._ Of course, it is not expected that all th%lasma sheath, close to the surface. Apparently, the sheath
ggnerated negative ions will reach the QMS; most of thenbhemistry is very rich and various processes involving high-
will be scattered and reflected to the plasma glow. We 0bgerqy species can lead to negative ion generation. lon pair
serve O signals of 0.1%—-1% of the Dcount rates, which ¢, mation from Q by positive ion impact is proposed as an

is in a reasonable range. Furthermore, it is interesting to eSsticient sheath production channel of OThe results indi-
timate to what extent ion pair formation in the sheath can.gia that sheath and surface can be important sources of
contribute to tr_\e total negative ion production in the dis'negative ions. So far, such formation processes have not
charge. For this purpose, one has to compare the volumg.en considered in plasma models, which deal only with
production by DA, given bynoneKaiVpi, whereng is the  giactron attachment in the plasma glow. On the other hand,
background gas density, the electron densitkaq the DA qot experiments show that negative ion densities in the
cross section for oxygen, and, the plasma volume, with 45y of jow-pressure plasmas are higher than the ones pre-
sheath productiomyoj, ® ;. .V, whereVyy is the volume of  giiaq by the models. In order to overcome this inconsis-
the slab with thicknesAx. The positive ion fluxd , can be tency in modeling, and to obtain the full view of plasma

approximated by the Bohm flux; vg, with typical ion den-  chemistry, near-surface as well as volume processes must be
sitiesn ~ 10" m~* and Bohm velocities g~10° m/s. Fur-  1.1an into account.

ther, the electron density in the considered discharge is in the

5 -3 ~ —17 -3 HIH H
order of 16° m™3 and katt.~10 m /s_. By filling in the A ~KNOWLEDGMENTS
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