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Ion-molecule reactions and ion energies in a CF4 discharge
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Absolute cross sections have been measured for reactants typically found in carbon tetrafluoride (CF4)
discharges for collision energies below a few hundred electron volts. The reactions investigated include
collision-induced dissociation and dissociative electron transfer reactions for CF3

1 and F1 colliding with CF4,
and collisional electron detachment for F2 colliding with CF4. Also presented are measurements of energies
and relative intensities of ions generated in dc Townsend CF4 discharges withE/N values ranging from 4
310218 V m2 to 25310218 V m2 @4 to 25 kTd#. Ion energy and ion intensity data for the Townsend dis-
charges are analyzed in light of the measured cross sections.@S1063-651X~99!05212-5#

PACS number~s!: 52.20.Hv, 52.80.Dy, 34.50.2s
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I. INTRODUCTION

Quantitative knowledge of ion-molecule reactions is
sential for understanding the production and transport of i
in many electrical discharges. Recent reports@1# and articles
@2# have strongly indicated the need for data on ion-molec
reactions for species related to the gases used in the s
conductor industry. This need is driven primarily because
the essential role that ion bombardment plays in vari
etching and deposition processes, and the desire to dev
predictive models for these processes. Ion-molecule re
tions may also play a significant role in newly develop
techniques for the destruction of waste gases from pla
reactors, and detailed modeling of these methods may
duce more efficient procedures.

The majority of ion-molecule data found in the literatu
were derived from atmospheric oriented research. Few
are available for plasma processing gases. Carbon tetra
ride (CF4), for example, is one of the most commonly us
plasma processing gases, but no ion-molecule cross sec
are available in the literature. Consequently, plasma mo
@3–6# for CF4 systems either do not include potentially im
portant ion-molecule reactions, or use estimates for cr
section values.

In order to provide some of the essential ion-molec
interaction data that are needed for such modeling, an
order to enhance the understanding of ion transport in sim
CF4 discharges, we present and relate the results of two
periments. In the first part of this paper, we present abso
cross section measurements for ion-molecule reactions
volving positive and negative ions typically found in di
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charges containing CF4. The reactions investigated here in
clude dissociative charge transfer collisions of F1 and CF3

1

with CF4, collision-induced dissociation for CF3
1 colliding

with CF4, and collisional electron detachment for F2 collid-
ing with CF4. Cross sections have been determined for re
tive collision energies ranging from 20 to about 400 eV f
F1 and CF3

1 and from 2 to 80 eV for F2.
In the second portion of this paper we present meas

ments of relative intensities and energies of ions generate
a dc Townsend discharge in CF4. This simple discharge wa
chosen for study because in many ways it emulates
sheath region of more complex discharges, and it lends it
to modeling efforts@7#. Measurements were made for di
charges with electric field-to-gas density ratiosE/N ranging
from 4310218 to 25310218 V m2 @4 to 25 kTd#, which are
comparable to those found in the sheaths of some pla
processing discharges. The cross sections presented in
first part of the paper are used to provide an interpretation
the primary features of the Townsend-discharge ion d
However, it is clear that a complete understanding of the
kinetics in even this simple discharge requires additio
cross section data and sophisticated modeling.

II. EXPERIMENT

A. Ion-molecule cross section experiment

In the first experiment, absolute cross sections were de
mined using complementary electrostatic trapping a
crossed beam techniques which have been described in d
previously@8,9#. Briefly, the primary ions F1, CF3

1 , or F2,
are formed in a low pressure (;1.3 Pa) arc discharge
source using a mixture of 10% CF4190% Ar as the dis-
charge gas. The signal intensities of other ions from
source, such as CF1 and CF2

1 were too small to allow cross
section measurements. After extraction and mass anal
the primary ions are focused into an electrostatic trapp
cell for direct measurement of absolute cross sections
collision induced dissociation~CID!, the sum of all dissocia-

n-

d,
7449 © 1999 The American Physical Society
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7450 PRE 60PEKO, DYAKOV, CHAMPION, RAO, AND OLTHOFF
tive charge transfer~DCT! reaction channels, or electron d
tachment~ED!. The scattering region of the cylindricall
symmetric cell consists of a collision chamber~scattering
path;46 mm), detection plates, three 90% transparent p
allel grids, and a Faraday collector. The target gas pressu
maintained at 0.05 Pa. The range of ion energies over w
accurate CID and DCT cross section measurements ca
made is from 20 to 400 eV, with the lower energy lim
determined by large angle elastic and inelastic scatterin
the primary ion beam. Measurement of ED cross secti
extends to much lower energies~approximately 2 eV! as the
detached electrons are confined by magnetic trapping.

By varying the retarding voltages on the grids, one c
effectively isolate slow product ions associated with vario
dissociative charge transfer channels collectively, as wel
certain more energetic CID products. By applying a sm
axial magnetic field (;12 G) to the collision chamber, elec
trons resulting from detachment or target ionization are c
fined to a small radius of gyration, allowing for their sepa
tion and detection and hence determination of total cr
sections for electron detachment from F2, or target ioniza-
tion in the case of positive primary ions. In order to ascert
cross sections for each DCT channel uniquely, a cros
beam arrangement is implemented. Here the primary b
passes resonantly between two curved plates of a cylind
capacitor~mean radius of 76 mm! and intersects orthogo
nally with the target gas injected from above. The slow po
tive product ions are forced through an aperture in the in
wall of the capacitor and subsequently focused into a qu
rupole mass analyzer. Product ion intensities are measur
counting mode using a continuous dynode electron multip
operated so that its detection efficiency is close to unity
both singly and doubly ionized products. Branching rat
for slow product ions are then determined and combin
with the trapping cell results to determine cross sections
specific DCT processes. Uncertainties for the CID meas
ments are estimated to be within615%, while those for
DCT measurements are within620%. To provide an addi-
tional check of the present experimental method, cross
tions for DCT producing CF3

1 and CF2
1 arising from colli-

sions of Ar1 with CF4 were measured and compared
previous results of Fisher, Weber, and Armentrout@10#.
These latter experiments employed a guided beam techn
in which the primary ion beam was injected into an rf oc
pole ion beam guide and collision cell, allowing all slo
charged products to be effectively collected. Our resu
agreed with those of Fisher, Weber and Armentrout to wit
10% over the range of energies common to both exp
ments, viz., 25 to 50 eV.

B. Townsend discharge experiment

In the second experiment, the relative intensities and
ergies of ions produced in dc Townsend discharges in4
are measured. The experimental apparatus used here
sentially the same as used previously in our studies
Townsend discharges in rare gases@11# and oxygen@12#.
Briefly, the discharge cell consists of two flat, parallel, 1
cm-diam. stainless steel electrodes separated by a 2-cm
and surrounded by a cylindrical quartz tube. The discharg
generated by introducing a gas between the plates, and
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biasing the upper electrode either positively or negatively
order to sample positive or negative ions, respectively, at
grounded electrode. The pressure in the discharge ra
from approximately 5 to 20 Pa.

Ions from the discharge pass through a 0.1-mm samp
orifice in the grounded electrode and enter a differentia
pumped, 45° electrostatic ion-energy analyzer and qua
pole mass spectrometer system, which has been desc
previously@11–13#. The resolution of the mass spectrome
was approximately 1 u~amu!, and the resolution of the elec
trostatic energy analyzer was maintained at 4 eV, indep
dent of the mass and energy of the ion. The kinetic ene
distributions of ions striking the grounded electrode are m
sured by setting the quadrupole to transmit ions of a part
lar mass, and then scanning the potential of the energy
lyzer. As discussed in Refs.@11# and @12#, the resulting
distribution function is an ion-flux energy distribution, i.e
the number of ions per second with energy between« and
«1d« that strike a particular area of the grounded electro
@14#.

In a Townsend discharge the currents are sufficiently l
(,100 mA) such that space charge effects are negligib
i.e., space charge does not significantly affect the app
electric field between the electrodes. Thus assuming the
experience many collisions as they travel across the gas
energies of the ions will be dependent only upon the ratio
the electric field strength to the gas number densityE/N.
The electric field strengthE in the discharge gap is assume
to be given byVd /d, whered is the interelectrode gap spac
ing ~2 cm! andVd is the voltage drop across the gap. The g
density N is determined from the gas pressure in the g
region as measured by a capacitive manometer~baratron!.
The combined errors of these measurements indicates
the uncertainty in the measuredE/N of a discharge is63%.

III. EXPERIMENTAL RESULTS

A. Ion-molecule reactions

A list of observed reaction channels and their respec
endothermicities for ground state reactants and product
given in Table I, where the endothermicities are expresse
eV. Underlined products, which are fragments of the prim
ions, have roughly the same laboratory velocity as the re
tant ion. Therefore CF2

1 formed from collision induced dis-
sociation of CF3

1 will have 50
69 of the kinetic energy of the

primary ion. The laboratory kinetic energy of all othe
charged products will be small compared to that of the p
jectile. Shown in bold are the observed product ions or f
electrons.

1. F11CF4

A mass spectrum illustrating the DCT products for col
sions of F1 with CF4 for relative collision energy« of 66 eV
is given in Fig. 1. The figure clearly illustrates the remar
able variety of chemically reactive species—including do
bly charged products—arising from these reactants. As m
tioned earlier, the spectra are acquired in a pulse coun
mode which does not preferentially detect doubly charg
ions. Thus the relative intensities for CF2

21 and CF3
11 are

scaled in the same manner as is done for CF1, etc. The
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PRE 60 7451ION-MOLECULE REACTIONS AND ION ENERGIES IN . . .
endothermicities shown in Table I are based on the assu
tion of ground state reactants and products and, for the d
bly charged product ions, that F2 is a product rather than
e21F. The cross section for producing electronsse, could
also be measured with the present experimental appa
and it was found thatse,0.05 Å2 ~the lower detection limit
of the apparatus! for the energy range of the experimen
(20 eV,«,350 eV), thus supporting the above assum
tion that anion products are associated with doubly char
products.

TABLE I. Reactants and products related to measurements
ported herein. The endothermicities are given in eV, the product
CID are indicated in italics, the underlined products have roug
the same laboratory velocity as the reaction ion, and the obse
product ions or electrons are shown in bold.

Reaction Endothermicitya

Number Reactants Products ~eV!

1 F11CF4 CF3
11F1F 12.7

2 CF2
11F21F 21.9

3 CF11F21F1F 24.7
4 C112F21F 210.8
5 F11CF31F ,210.8
6 CF3

111F1F2 221
7 CF2

111F21F2 221.1

8 CF3
11CF4 CF3

11F1CF3 25.7
9 CF2

11F21CF3 210.3
10 CF11F1F21CF3 213.1
11 C112F21CF3 219.2
12 CF2

11F1CF4 26.2
13 CF11F21CF4 27.4
14 F11CF21CF4 212.3
15 C11F1F21CF4 215.1

16 F21CF4 e1CF41F 23.4

aEndothermicities listed were derived from information in Ref.@15#,
and references cited therein. Positive values of endothermicity
dicate an exothermic reaction.

FIG. 1. Mass spectrum for ions produced from collisions of1

with CF4 for «566 eV.
p-
u-

tus

-
d

Figure 2 illustrates the summed cross section for all D
processes as a function of the relative collision energy, al
with those for its constituent channels~reactions 1–7 in
Table I!. Unexpected are the small values for produci
CF3

1 , despite the fact that this process is exothermic by
eV owing to the large ionization potential for F.

Perhaps the most interesting result is the substantial c
section for producing CF2

11 , illustrating an efficient process
for the conversion of F1 to F2. This reaction exhibits an
unexpectedly large cross section with a surprisingly l
threshold energy. Doubly charged CF2

11 is apparently pro-
duced for ion-collision energies below the ground state
ergetic threshold of;21 eV, a value derived from electron
impact appearance potential~AP! measurements@16# that
assume the processe1CF4→CF2

111F213e. If the AP
products were actually F2

212e, the reaction would be som
3 eV less endothermic, i.e., 18 eV.

The detection of CF2
11 for low collision energies suggest

the possibility that the primary ion beam is comprised
ground and metastable states of F1, most probably F1(1D)
and F1(1S), 2.59 and 5.56 eV above ground state F1(3P),
respectively. A multiple state F1 beam is not uncommon
when the ion is formed in an electron impact ionizati
source with an Ar:CF4 mixture as the source gas and electr
energies exceeding 50 eV@17,18#. In the present experiment
the kinetic energy of the electrons in the positive ion sou
was 100 eV and could not be lowered by more than abou
eV due to a substantial decrease in F1 ion beam current, an
observation in agreement with the results of Linet al. @18#.
Increasing the source gas pressure to collisionally deex
metastable F1 ions is probably ineffective as singlet to triple
transitions would not be expected to have large cross
tions. It is interesting to note that, although small, the cro
sections for production of CF3

11 are still comparable with

e-
of
y
ed

n-

FIG. 2. Absolute cross sections for individual DCT reacti
channels presented as a function of relative collision energy for
reactants F1 and CF4. The total DCT cross section is also shown
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7452 PRE 60PEKO, DYAKOV, CHAMPION, RAO, AND OLTHOFF
those for producing C1 and F1. It should be noted that the
endothermicity for production of CF3

11 given in Table I was
also based on AP measurements and the assumption te
1CF4→CF3

111F13e.

2. CF3
11CF4

The number of DCT product channels for these reacta
~reactions 8–11 in Table I! is considerably fewer than wha
is observed for the F1 projectile. Specifically, no doubly
charged ions or F1 is observed for CF3

11CF4. The total
cross section for DCT is given in Fig. 3 along with the ind
vidual cross sections for the production of the principal DC
products. The energy levels for these product channels
given in Table I, where again ground state reactants
products are assumed. The magnitudes of the cross sec
decrease substantially as the endothermicity of the reac
increases.

Cross sections for collision induced dissociation~CID!
were also measured for these reactants for collision ener
30 eV,«,230 eV, but are not shown here. The three C
channels~reactions 12–15 in Table I! producing C1 and F1

FIG. 4. Electron detachment cross section for collisions of2

with CF4.

FIG. 3. Dissociative charge transfer cross sections for C3
1

1CF4. The summed cross section of individual DCT processe
also presented.
t

ts

re
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~the two cannot be distinguished in the CID measuremen!,
CF1, and CF2

1 were found to have almost exactly the sam
energy-independent cross sections, each with a magnitud
661 Å2. Again, no evidence could be found for the pr
duction of free electrons for these reactants.

3. F21CF4

Cross sections for electron detachment for F21CF4 are
given in Fig. 4. Electron detachment begins at the elect
affinity of F2 ~3.4 eV! and increases rapidly with energy
The cross section is somewhat similar in magnitude and
havior to that reported for F2 impacting rare gas targets@19#
and shows that electron detachment may be a significant
tributor to the population of chemically active fluorine, a
important radical in plasma etching processes.

B. Townsend discharge experiments

Figure 5~a! shows an energy-integrated mass spectrum
positive ions striking the cathode of a Townsend discharg
CF4 ~black bars!, as measured by the mass spectrome
energy analyzer system. The F1 ion exhibited a signal inten-
sity near the detection limit of the instrument at allE/N, and
CF2

11 was never observed. F2 and CF3
2 were the only nega-

tive ions detected. Both exhibited weak signals, as compa
to the positive ions, with CF3

2 consistently exhibiting a flux
nearly 10 times smaller than that for F2. For comparison, the
standard 70-eV electron-impact mass spectrum@20# for CF4
is also shown~gray bars! in Fig. 5~a!.

is

FIG. 5. ~a! Comparison of standard electron-impact mass sp
trum of CF4 for 70 eV electrons, with the mass spectrum of positi
ions sampled from a CF4 Townsend discharge withE/N511.4
310218 V m2 ~11.4 kTd!. The two mass spectra are normalized
have equal total signals.~b! The relative intensities of the fou
dominant ions sampled from CF4 Townsend discharges at variou
values ofE/N.
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FIG. 6. Ion-flux energy distributions for posi
tive ions sampled from CF4 Townsend discharges
with E/N55.0310218 V m2 and 25.3
310218 V m2 ~5 and 25.3 kTd!.
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The actual energy distribution of electrons in t
Townsend discharge is unknown~no calculations or mea
surements have been made at this highE/N), but it is ex-
pected to be non-Maxwellian with a high energy tail. It
therefore an oversimplification to assume that the 70
electron-impact mass spectrum is indicative of the posi
ions formed by electron impact in the discharge. Even so
is reasonable to assume that the differences between the
mass spectra in Fig. 5~a! may be partially attributed to the
ion-conversion collisions that the ions experience as t
travel through the discharge after having been formed
electron-impact ionization. Thus in general one can surm
from Fig. 5~a! that ion-molecule reactions exist that destr
CF3

1 and F1 ions, while creating C1, CF1, and CF2
1 ions.

The relative intensities of the four dominant ions we
observed to vary with the value ofE/N in the discharge. This
is shown in Fig. 5~b!, where the intensity of CF3

1 is observed
to decrease with increasingE/N, the intensities of C1 and
CF1 increase with increasingE/N, and the intensity of CF2

1

is nearly independent ofE/N.
Figure 6 shows the energy distributions for the four dom

nant positive ions detected from two CF4 Townsend dis-
charges withE/N values near the extremes of the range
V
e
it
wo

y
y
e

-

-

vestigated here. The F1 ion signal intensities were too wea
to allow the measurement of energy distributions. At
310218 V m2, the distribution for each ion exhibits a near
linear decay with increasing energy on the semilog plo
This has been shown to be indicative of equilibrium moti
of ions through the discharge@11,12#, i.e., each ion experi-
ences many collisions before striking the cathode. Inter
ingly, the maximum ion energies of the distributions, and
corresponding mean energies, increase with decreasing m
indicating that the magnitude of cross sections for collisio
resulting in energy loss are smaller for the smaller ions.

At the higherE/N value (25.3310218 V m2), the distri-
butions exhibit significant curvature, and the maximum i
energies are equivalent to the voltage drop between the e
trodes~768 V!. Both of these observations indicate a lack
equilibrium conditions for the ions, i.e., the ions experien
too few collisions to exhibit an energy distribution charact
ized solely byE/N. In fact, some of the ions travel across th
electrode gap without experiencing any significant ene
loss. Again the mean energies of the distributions incre
with decreasing mass of the ion, which is a trend that w
observed at all values ofE/N studied here.

By integrating the ion-flux energy distributions, the me
energies of the ions were calculated. The mean energie
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7454 PRE 60PEKO, DYAKOV, CHAMPION, RAO, AND OLTHOFF
low E/N54310218 V m2 are observed to range from ap
proximately 20 eV for CF3

1 to nearly 40 eV for C1. At the
highest value ofE/N, the mean energies range from appro
mately 150 eV for CF3

1 to nearly 250 eV for C1. These
values provide an indication of the ion energies for wh
ion-molecule cross sections are needed to interpret the
from these types of discharges.

For the negative ions detected from the discharges, o
F2 exhibited sufficient signal intensity to allow reliable me
surements of ion-flux energy distributions. The distributio
for F2 at two values ofE/N are shown in Fig. 7. The signa
intensities are weak compared to positive ion intensities,
the maximum ion energies are also lower than observed
positive ions at the sameE/N. The mean ion energies for F2

range from 25 eV at 4310218 V m2 to 110 eV at 17
310218 V m2.

IV. DISCUSSION

Some of the Townsend discharge data presented in Fig
–7 may be interpreted in light of the cross section data p
sented in Figs. 2–4 and the discussion in Sec. III A. T
nearly total lack of F1 flux in the Townsend discharges
attributable to the dissociative charge transfer reacti
shown in Fig. 2. Only a small portion of the total cro
section for DCT results in the formation of a new F1 ion
~reaction 5 in Table I!. The remaining collision pathway
result in the destruction of F1 and the formation of a differ-
ent ionic species, thus nearly eliminating F1 from the dis-
charge before it can reach the cathode. Interestingly, f
the cross section data in Fig. 2, one would expect a subs
tial CF2

11 signal to be observed from the Townsend d
charge. However, no CF2

11 ion flux was detected, perhap
indicating that a large collisional destruction process, suc
charge transfer, also exists for CF2

11 .
Similarly, the relatively lower intensity of the CF3

1 ion

FIG. 7. Ion-flux energy distributions for F2 ions sampled from
CF4 Townsend discharges with~a! E/N54.0310218 V m2 and~b!
E/N516.8310218 V m2.
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observed in Fig. 5~a! when compared to electron-impact ion
ization may be attributed to two collision processes that
stroy CF3

1 ions. The first is the dissociative charge trans
reactions presented in Fig. 3. While these reactions prima
result in the formation of a ‘‘slow’’ CF3

1 ion and a ‘‘fast’’
CF3 radical, there are significant cross sections~reactions
9–11 in Table I! for the destruction of CF3

1 resulting in the
production of CF2

1 , CF1, and C1 ions, particularly at higher
energies. The second source of CF3

1 destruction is the
collision-induced dissociation processes~reactions 12–15!
discussed in Sec. III A 2. In these reactions the projec
CF3

1 ion is dissociated to form CF2
1 , CF1, C1, and F1 ions.

The sum of the cross sections for these four reaction
approximately 18 Å2. Together, these DCT and CID rea
tions represent a large loss mechanism contributing to
reduction in the number of CF3

1 ions that reach the surface
exposed to the discharge.

Complementary to these destruction collisional proces
for F1 and CF3

1 , is the formation of CF2
1 , CF1, and C1,

which are the dominant ionic products for many of the DC
and CID reactions. This is consistent to the relative increa
in CF2

1 , CF1, and C1 intensities presented in Fig. 5~a! for
the Townsend-ion data compared with the electron-imp
data.

TheE/N dependence of the relative intensities of the fo
positive ions shown in Fig. 5~b! is consistent with the energ
dependence of the ion-molecule reactions. The decrea
flux of CF3

1 with increasingE/N, associated with increase
in C1 and CF1 signals, correlates well with the increasin
cross sections for C1 and CF1 production by DCT in Fig. 3,
and with expectations that the cross section for CID of C3

1

decreases with decreasing ion energies below 30 eV.
relatively flat dependence of CF2

1 on E/N cannot be fully
explained without measured cross sections for its dest
tion. The independence of CF2

1 signal withE/N does sugges
that some significant destruction processes exist that wo
compete with the significant production processes for C2

1

measured here in reactions 2, 9, and 12.
The large cross section measured for the production

‘‘slow’’ CF 3
1 ions by DCT from CF3

1 ~reaction 8 and Fig. 3!
explains the relatively low energies of the CF3

1 ions shown
in Fig. 6, as compared to the other positive ions. It has b
shown for other gases, that such charge transfer react
significantly reduce the mean energies of that ion in the d
charge@11,12#. Based upon the observed trend in ion en
gies with changing mass that is evident in Fig. 6, simi
DCT cross sections would be expected for CF2

1 , CF1, and
C1, although the magnitudes would be somewhat related
the mass of each ion.

Dissociative electron attachment to CF4 is weak@15#, so
F2 intensities are expected to be weaker than positive
intensities in the CF4 Townsend discharge. Additionally, th
significant cross section for collisional electron detachm
for F2 ~reaction 16! at the ion energies exhibited by th
distributions shown in Fig. 7 will further reduce the amou
of F2 detected at the electrode. The increasing cross sec
for collisional detachment with increasing energy~Fig. 4!
explains the relatively low ion energies observed for F2

compared to the smaller positive ions.
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Because of the relatively high pressures and long tra
port distances existing in the Townsend discharges, the
molecule reactions measured and discussed here signific
influence the energy and species distributions for ions st
ing the surfaces exposed to the discharge. The influenc
these reactions will be less for low pressure discharges
small sheaths where the ions experience far fewer high
ergy ion-molecule collisions. For example, ion-flux da
taken in an inductively coupled, CF4 plasma@21# exhibit
narrow ion-energy distributions and relative ion fluxes sim
lar to the 70-eV mass spectrum shown in Fig. 5~a!, thus
indicating minimal ion-molecule collisions as the ions a
accelerated toward the grounded electrode.

Other discharges that are commonly used for plasma
cessing application possess characteristics that would
gest a potentially significant role of ion-molecule reactions
determining the composition and energy of the ion flux. F
example, capacitively coupled plasmas commonly operat
pressures ranging from 1.3 to 133 Pa~10 to 1000 mTorr! and
exhibit sheath widths larger than a millimeter. At these pr
sures the mean free path of an ion can be smaller than
sheath width, and depending upon the reactor design,
ions can have energies exceeding 100 eV.@22#

Ion intensity and energy distributions for capacitive
coupled CF4 discharges reported by Janes@23# showed that
intensities of CF1 and CF2

1 ions increased with increasin
gas pressure. These observations are in agreement wit
cross section measurements presented here. Janes atte
to identify possible ion-molecule reactions to explain his o
servations, but acknowledged the need for energy depen
cross sections for a detailed analysis of the structures
served in the ion-energy distributions.

In a similar measurement for a CF4, capacitively coupled
discharge, Snijkerset al. @24# concluded that a large numbe
of chemical reactions take place within the sheath involv
CFx

1 ions and neutrals. From an analysis of their ion-ene
distributions, Snijkerset al. attempted to deduce the dom
nant ion-molecule reactions occurring within the shea
While their analysis resulted in the identification of some
the systems measured here, it was not possible from
available data to ascertain all of the important reactions.
use of the present cross sections allows for some additi
ss
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analysis of their results. For example, Snijkerset al. con-
cluded that CF2

1 ions were produced in the sheath primar
by the dissociation of CF3

1 ions, which is supported by ou
cross section measurements for that reaction~reaction 12 in
Table I!. However, they did not consider the production
CF2

1 from CID reactions such as reactions 2 and 9 shown
Figs. 2 and 3, respectively. Similarly, the production of CF3

1

ions in the sheath are attributed primarily to CID reactions
CF3

1 ions with CF4 ~reaction 8!, while a CID reaction involv-
ing F1 ~reaction 1! may also contribute. Finally, the produc
tion of F1 in the sheath was attributed primarily to symme
ric charge-exchange collisions with F radicals. Equally like
production mechanisms include the CID reaction of C3

1

striking CF4 to form F1 ~reaction 14! and the DCT reaction
of F1 striking CF4 to form F1 ~reaction 5!.

V. CONCLUSIONS

We have presented cross sections for ion-molecule re
tions that are typically found in many CF4 discharges. These
reactions include dissociative charge transfer for F1 and
CF3

1 , collisional induced dissociation for CF3
1 , and colli-

sional electron detachment for F2. Also presented were mea
surements of kinetic energies and relative intensities of i
sampled from dc Townsend discharges. Analysis of the cr
sections presented at the beginning of the paper allowe
general interpretation of the characteristics of the ion fl
measured at the electrodes of the Townsend discharge.
suggests that the processes for which cross sections
determined represent the primary ion-molecule reactions
curring within the discharge. However, a complete asse
ment of the ion production and transport within the discha
would require a more complete measurement of cross
tions, including CID and DCT cross sections for the le
abundant ions, such as C1, CF1, CF2

1 , and CF2
11 .
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