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ABSTRACT
Absolute total dissociation cross sections for electron impact, G4, from 8-700 eV are

reported for CoFs. A dense set of data was obtained in the technologically important 8 eV
to 30 eV energy range relevant to modeling the type of plasmas used in both fundamental
and applied scientific investigations. The threshold for dissociation was found to be 12.0
eV £ 0.2 eV and appears to be associated with a Rydberg state. Estimated values for the

total neutral dissociation cross section, Opeuass Were obtained by subtracting the

ionization cross sections (all ionizing events cause dissociation) from the total
dissociation cross section. It is shown that calibration error in a paper by one of us
(HFW) caused distortion of several previous investigations. When the data from the
present work are used to recalibrate data from swarm experiments, agreement becomes
quite reasonable. There is now a consistent set of data obtained from several
investigators which describe the dissociation of C,Fs. Neutral dissociation cross sections
are obtained from electron-impact excitation calculations and found to be in reasonable

agreement with measurements over most of the energy range.



I. INTRODUCTION

Electron impact dissociation of molecules into fragments is one of the most
important processes in molecular gas discharges. Indeed, the process that makes most
technologies based on such plasmas operative is electron impact dissociation of inert feed
gases to generate chemically reactive species such as fluorine atoms, nitrogen atoms, CF,
radicals, etc. These discharges are employed in numerous steps in microelectronics
fabrication including plasma etching, plasma-enhanced chemical vapor deposition, photo
resist stripping and surface cleaning, and are also widely used in other industries.

The accuracy and reliability of plasma chemistry models hinge on the availability
of basic data describing electron-molecule collisions, especially at energies near
dissociation thresholds, which are typically of the order of 10 eV. The majority of
electrons in these plasmas generally have energies below 30 eV; therefore, electron-
molecule collisions at energies less than about 30 eV are highly relevant to modeling.
Electron-molecule collision data provide the rate at which reactive species are created
and thus place an upper limit on many processes.

Among the fluorocarbons widely used as precursor gases in plasma processing, a
complete set of electron collision data is only available for CF,." Reliable cross section

data for total dissociation, G giss, total ionization, O jon, and neutral dissociation, Gpeytdiss,

of these gases are critical to plasma process modeling and process design. For example,
the problems associated with emission of these stable greenhouse gases into the
environment have prompted studies of plasma-based dissociation and destruction of
perfluorocarbon (PFC) and hydrofluorocarbon (HFC) gases.2

There have been numerous measurements of O, for C;Fg from threshold to

several hundred eV;3 however, total dissociation cross sections have been measured only



at 22 eV and at a few selected energies above 70 eV. We are not aware of any published

absolute values of Gygiis for C,Fg in the critical near-threshold region. Moreover,
measurements of Opey diss fOr many gases are scarce due to difficulties in detecting neutral

fragments, and the authors are unaware of any published data for Gpeyt giss Of C2Fg derived
from electron beam experiments. Measurements of cross sections for dissociation of a
few prototypical gases into neutral fragments are furthermore essential for assessing
calculated values of these cross sections. With such validation, calculated cross sections,
particularly near threshold, may be used with greater confidence where experimental data
are unavailable.

In the present work, the method of Winters e al. ** has been used to measure

O¢diss for CoFg at closely-spaced energies from 8-30 eV and at selected higher energies up

to 700 eV. These studies show that previous measurements overestimated O gigs,

especially at energies near the dissociation threshold, where values recommended here
are approximately two-thirds of the previous measurements (probably because of

uncertainty about the electron energy in a region of rapidly changing cross section).
Values for Opeurdiss are obtained by subtracting published values of Gjon from Gy gigs.
This procedure has previously provided values of these cross sections for CF; in
agreement with independent measurements by Mi and Bonham.” In addition, cross
sections for Opeudiss Of CoFe near threshold have been calculated employing the

Schwinger multichannel method.' It is shown that these calculated cross sections agree

quite well with those derived from the experiment.



II. METHOD

The method and analysis used to measure the total dissociation cross section have
been described in detail* and are only summarized here. A monoenergetic electron beam
of known energy and current is passed through a sealed tube containing the target gas at
room temperature and a predetermined initial pressure. If all neutral and ionic fragments
created during the passage of the beam through the target gas are adsorbed at the walls,
the rate of change of total gas pressure can be related to the total (neutral plus ionic)
dissociation cross section. The ideal gas law accurately describes the behavior of the gas
at the experimental pressure (~5x10” Torr), and the number of fragmentation events can
thus be related to the pressure change. The gas molecules do not react with one another
and all fragmentation events can be attributed either to interactions with the tungsten
filament or to electron-molecule collisions. By just changing the electron beam from
sub-threshold energies to a determined experimental energy, it is possible to discern the
amount of dissociation initiated by electron impact.

Relating the change in pressure to the number of fragmentation events through the
ideal gas law implies several assumptions about the behavior of both the parent gas and
the dissociation products within the apparatus. Three criteria established by Winters and
Inokuti* must be satisfied to ensure accurate cross section measurements. First,
undissociated ions and undissociated excited neutrals cannot leave the gas phase as a
result of surface reactions. Second, all products of dissociation must irreversibly adsorb
to the chamber walls or getter. Third, fragments must not recombine on surfaces within
the apparatus to reform the parent gas. For C,Fs, mass spectrometry and electron-impact

energy loss spectra indicate that all electronic excitation and ionization lead to impulsive
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dissociation of the parent molecule, and the use of a titanium getter prevents surface

recombination of fragments and eliminates desorption of impurity gases as a factor.

ITII. APPARATUS DESCRIPTION

A. Overview
All measurements of the absolute G g4is are made within a closed working

volume, WV, containing an MKS spinning rotor gauge, SRG, a titanium getter, and “the
tube,” which generates and controls the electron beam responsible for dissociating the
parent gas (cf. Fig 1). The WYV is linked via an ultra-high vacuum valve to a second
volume containing an Inficon mass spectrometer, which can be pumped independently of
the WV. A solenoid surrounding the experimental tube generates a magnetic field to
collimate the electron beam. After high temperature bake-out and long pumping time,
the working volume of the system could be sealed and maintain a base pressure below the

sensitivity of the spinning rotor gauge (<1x10™® Torr) for several hours.

B. The Tube

The experimental tube is the same as that used by Winters and Inokuti and is
described by them in detail.*> Figures 1 and 2 are schematics of the apparatus. Electrons
are emitted from a 0.01 inch diameter tungsten filament, Fyw, located at the top of the tube
and collected by an electron sink, Target, at the opposite end. The 250 Gauss solenoid,
S, surrounding the bell jar containing the tube aids in forming the electron beam, whose
energy is controlled by the voltages on the lettered electrodes along the length of the tube
(cf. Fig 2). Simultaneous monitoring of all electrodes throughout the experimental tube

established that the number of secondary electrons, originating from the sink electrode



and also contributing to dissociation, was greater than thought in previous studies and, in
fact, the previous values of Gy 4iss appeared larger than they actually were. A 300 volt bias

between electrode F and Target was found to suppress most secondary electrons,
alleviating the problem. Some dissociation does occur between electrode F and Target
due to the 300 volt bias. However, this bias is always present, so dissociation in this
region does not affect the cross section measurements.

For measurements of Gjon, a small electric field perpendicular to the electron

beam is used to draw out ions without affecting the energy of the electron beam. The
electric field is created by placing potentials of +2V and -2V on the two semi-circular
tungsten grids, J and K, while the ion current is measured from the cylindrical electrode,
Shield, surrounding the dissociation path. A set of small cylinder, Lion, are used to set

the path length from which the ions are extracted.

IV. EXPERIMENTAL
A. Procedure

Each experiment begins by filling the working volume, WV, with the parent gas,
C,Fs, to a pressure of 5x10” Torr and sealing the system (cf. Fig 1). The experiment then
proceeds in three distinct phases, during each of which the pressure within the closed
volume is monitored using the spinning rotor gauge, while the emission current and the
temperature of the tungsten filament are held constant. In the first and third phases, the
electron beam is kept at sub-threshold energies (except for the region between electrode
F and Target) to determine a background fragmentation rate. In the second phase, the

electron beam energy is set to the desired value to determine the total fragmentation rate

due to energetic electron-molecule collisions. Values for Gigis are obtained by



comparing the slopes of the logarithm of pressure versus time for the corresponding
experimental phases. All slopes are derived using least-squares fits, typically resulting in
correlation to at least R>=0.99. As discussed, secondary electrons originating from the
sink electrode can cause a significant amount of dissociation and produce uncertainty in
the current reaching the electron sink. Increasing the target bias to 300 V from 75 V

resulted in approximately an 8% decrease in the apparent value of Gy4iss at electron

energies greater than 70 eV.

B. Calibration Technique

A small but finite voltage drop across the filament and space charge effects due
to the electrons cause some initial uncertainty in the energy of the electron beam, and it is
therefore necessary to calibrate the energy scale of the apparatus. To this end, the total
ionization cross section of argon was measured from 13 eV — 300 eV. The ionization
threshold was determined by extrapolation of a linear fit to the near-threshold data. The
difference between the published threshold for ionization (15.76 €V) and the threshold so
determined (14.67 eV) was used to correct the electron beam energy scale of all
experiments. (The original calibration of this type by Winters and Inokuti seems to have
been slightly flawed, leading to a larger uncertainty in their 22 eV data point than in those
taken at higher energy.)

The most accurate cross sections were obtained with the electron sink biased +300
volts relative to electrodes E and F. Measurements of Gy, for argon provide not only a

correction for the energy scale but also the ion collection efficiency of the system, which

was found to be 71%. With this correction, our measured Oy o, for argon agrees closely



with accepted values published by Rapp and Englalnder—Golden13 from threshold to 300

eV.

In many ways, measurement of Gy giss 1s simpler and probably more accurate than

measurement of Ggjon. This is particularly true for C,Fg, where all excitations lead to

dissociation. Dissociation measurements are not susceptible to error from uncertainty in
the ion collection path length, nor to double counting due to ion-induced secondary
electrons, nor to the presence of doubly charged ions. Because all electronic excitations
of C,Fg lead to dissociation, the total ionization cross section should never exceed the

total dissociation cross section. The C,F¢ ionization cross section measured by Basner et

al. is everywhere smaller than our Gy 455, and we consider it to be quite reliable.!!

C. Error Analysis

There are at least four separate sources of experimental error. The path length of
the electron beam constitutes the single largest source of error, estimated to be £9%. The
path length uncertainty is caused by our inability to track individual electrons from
source to destination. Random error from fitting the pressure vs. time data contributes
approximately +6%, while errors in the electron beam current and volume measurements

contribute #3% and +2%, respectively. Combining these errors in standard fashion'*
leads to an estimate of +11% for the overall error in the measured values of G gigs.

Ionization, metastable excitation, excitation to allowed states, and dissociation all
can be measured by alternative methods, but those methods requite a measurement of the
absolute value of the gas density. It is much easier to determine the slope of the pressure
vs. time curve than it is to determine the absolute pressure. Also, the present dissociation

experiments have an inherent collection efficiency of one if the criteria described in



Section II are rigorously applied, because the number of molecules leaving the gas phase
is determined with a high degree of accuracy by the change in pressure. For example,
there is no possibility of double-counting because of ion-induced secondary electrons or
doubly-charged ions. Additionally, the path length over which the excitation occurs is

well-defined by the geometrical path length.

V. Computational
An estimate of Opeytdiss Near threshold can be obtained from ab initio calculations

of electron-impact excitation cross sections under the assumptions that all electronically
excited states of C,F¢ are dissociative and that they produce only neutral fragments (no
dipolar dissociation). ~We used a parallel implementation” of the Schwinger

10,16
d

multichannel metho to compute electron-impact excitation cross sections for eight

low-lying electronic states of CoFg: (6a1,—7ai,) 1’3A1g, (6a;;—6¢e,) 1’3Eu, (6a;,—6a2,)
1’3A2u, and (6a;;—7ey) 1’3Eu. The calculations employed the 6-311+G(d) basis set!” for
description of both bound and unbound electrons. Standard diffuse and d orbital
exponents were used, namely 0.0438 (sp) and 0.626 (d) for C and 0.1076 (sp) and 1.75
(d) for F, and all six Cartesian components of the d Gaussians were retained in the
calculation. All cross sections were computed at the Dj;; ground-state equilibrium
nuclear geometry as determined by second-order Moller-Plesset perturbation theory,
namely rcc=1.5275 A, rcr=1.3386 10%, and Zccp=109.6825°. In the cross-section
calculations, we used a restricted Hartree-Fock description of the ground state, while
excited states were described within the improved virtual-orbital (IVO) approximation.'®
The calculations were carried out in a few-channel approximation, in which the singlet

and triplet states corresponding to the same configuration were coupled only to each

10



other and to the ground state. The scattering program requires that all states having the
same nominal configuration have the same spatial wavefunction; we therefore used the
triplet IVOs to form both triplet and singlet excited states. Thresholds computed in this

manner are: 13.52 and 15.00 eV, (6a;,—6e,) "“E,; 14.29 and 14.40 eV, (6a,;—7ay)

P Alg; 15.10 and 15.22 eV, (6a1,—6a2,) '~ Asy; and 15.61 and 15.86 eV, (6a,,—7e,) E.,
where in each case the triplet energy is listed before the singlet energy. IVO thresholds
typically are higher than experimental vertical thresholds by 1 or 2 eV, and the use of
triplet spatial wavefunctions will introduce some additional error into the singlet energies.
Limited electronic-structure calculations on the excited states suggest that all are

dissociative, in agreement with experimental observations, and that some may lead to C-F

bond breakage.

VI. Results and Discussion
The absolute total dissociation cross section, G giss, for CoFg was measured at

closely-spaced energies from 8 eV— 30 eV and at selected higher energies up to 700 eV.
Some results from threshold to 700 eV are displayed in Figure 3 along with previous
measurements by Winters.* Numerical values of all measured cross sections are listed in
Table I. At higher energies, the present results are slightly smaller than those of Ref. 4,
because the larger target bias in the present experiments (300 V as opposed to 75 V) more
effectively suppresses secondary electrons. The two sets of data generally agree within
the quoted experimental error of 11%; however, at 22 eV the present cross section is only
70% of the previous value. This disagreement is probably due to a small error in the
energy scale of the previous investigation and, in this region, the authors believe that the

present measurements are more accurate. Figure 4 shows a detailed view of
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experimentally determined Oygiss and Oion (normalized as described below) near the

dissociation threshold, which is about 12 eV for C,Fg, a range over which dissociation

cross sections were previously unavailable.
A wider range of our experimental values for Gjo, of C,Fg, normalized to the set

recommended by Basner ef al.,'' are shown in Fig. 5. We chose to normalize to the cross
sections of Basner er al. in part because their technique is not susceptible to the

inaccuracies due to secondary electrons or to multiply charged ions, as described above.

In addition, subtraction of Basner et al.’s values from our measured Gy giss resulted in non-

negative values of Opeyrgiss. Following normalization, our ion collection efficiency for

C,Fs was found to be approximately 59%, in comparison to 71% for argon. Ionized
fragments from dissociation of C,Fg¢ will have greater kinetic energy than the parent
molecule, and the lower ion collection efficiency can be attributed to this increase in

kinetic energy.

Neutral dissociation cross sections were obtained by subtraction of the Gijon

values of Basner et al.!' from the O.giss Values obtained here. The neutral dissociation

cross sections so derived are compared to our calculated results (Fig. 6a) and to values
from other sources'*?® (Fig. 6b). The agreement between the measured and calculated
values is generally quite good up to the vicinity of the cross section maximum. Some of
the apparent discrepancy between the calculated and measured cross sections arises from
differences between the excitation thresholds assumed in the calculations and their
experimental values. Though we do not do so, shifting the calculated thresholds

downwards to allow for this difference would result in somewhat better agreement At
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higher energies, the calculated cross section falls off too rapidly because of the omission
of channels with higher thresholds than those included in the calculations.

Motlagh and Moore measured the production of CF; and C,Fs radicals from
electron impact dissociation of C2F6.19 These measurements were made by detecting the
combined partial pressure of the tellurides Te(CFz)," and FTe(C,Fs)" produced by a
surface reaction on a telluride mirror placed in their apparatus during the dissociation
experiment. The mass spectrometer was unable to distinguish the contribution of each
species individually because both compounds contribute to the 266 amu peak that was
monitored. Further, both dissociative ionization and neutral dissociation reactions
contribute to this signal. Motlagh and Moore suggest that an estimate for dissociation
into CF; and C,Fs in these experiments can be obtained by subtracting the partial
ionization cross section, Gp jon, fOr CF;*, measured by Poll and Meichsnerm, from the sum
of cross sections for dissociation into the radicals CF; and C,Fs in their experiments.

The values derived from their suggested calculation lie within our estimated accuracy.
Hayashi and Niwa derived values for Opeye giss Using a Boltzmann equation method
and swarm data.”’ They assumed the Gy 4iss values of Winters and Inokuti* and 79% of
the total ionization cross sections of Beran and Kevan.”> Their values are also plotted in
Figure 6b. Our values for Gpey giss are smaller than those proposed by Hayashi and Niwa
by as much as 1.1x10™'® cm?. This discrepancy most likely originates from the values for
Otdiss and Otjon assumed by Hayashi and Niwa. For example, at 22 eV their assumed

value for Oy giss 1S about 1x107'% ¢m? smaller than the value used here. If one uses the

current estimate of Gygiss at 22 eV, their value for Opeyegiss falls to ~107 cm2, compared

to our estimated value of 1.24x107'¢ cm”.

13



Finally, our values of Ggiis are compared to the electron-impact energy-loss

spectrum reported by Robin in Figure 72 Ina Rydberg state the excited electron’s
orbital has a much greater radius than the core orbital(s), and the core is expected to
behave as an ion. This parent ion, CoFs", is conspicuously absent in mass spectrometry,
indicating that ionization is essentially dissociative.'' Therefore, Rydberg excitations
should result in dissociation of C,Fs and should be evident in our total dissociation cross
section data. Our electronic-structure studies also indicate that the low-lying excited
states, at least, are indeed dissociative. The first allowed Rydberg excitation in C,F,

identified by Robin as 0, — 3p, occurs at 12.0 eV, and additional excitation peaks occur

at 13.6 and 14.5 eV. The 12.0 eV threshold for electronic excitation agrees with our
measured threshold for dissociation at ~12 eV. In addition, we see an apparent change in
slope of the total dissociation cross section at ~13.5 eV which corresponds with the
second transition described by Robin. Robin attributes the third peak in the spectrum, at
14.5 eV, to the vertical ionization potential. Currently, Christophorou and Olthoff>
suggest an ionization potential of 15.9 eV, close to our measured threshold for ionization
of ~15.5 eV. Recall that our estimate for electron energy scale resolution is + 0.2 eV. We

conclude that our data for O g4iss are consistent with this independent measurement of the

electron energy loss spectrum. Non-zero values of the dissociation cross section below

12 eV are attributed either to an artifact or to dissociative attachment reactions.

VII. SUMMARY AND CONCLUSIONS
We have reported on the results of measurements and calculations of cross sections
for electron impact dissociation of C,F¢ into neutrals as a function of electron energy,

emphasizing the near-threshold region. Our estimates of these cross sections in this

14



technologically important region are smaller than selected values previously published

using the same apparatus and method, and the difference is attributed to more effective

control of secondary electrons in the apparatus. At 22 eV the value of G 4iss 1S 2.1x107'°

cm’ in comparison to the previous value of 3.1x10™'® cm®.

Extrapolation of the total dissociation data yields a threshold of 12 eV for
dissociation. This threshold closely corresponds to the first allowed Rydberg excitation
seen in the measured electron-impact energy-loss spectrum for C,Fs. An additional
Rydberg excitation appears as a change of slope in the total dissociation cross section
data.

Values for Gyt giss derived from our measurements plateau at ~20 eV with a value of

1.3%10"° cm?, in good agreement with the maximum (1.1x10'® at 23 eV) obtained from
our ab initio calculations. Discrepancies between these values and those of Hayashi and
Niwa may be rooted in differences between the values they used for G 4iss and Oyion and
those proposed here. The estimated cross sections for dissociation into CF3 and C,Fs
reported by Motlagh and Moore are within the error limits of our estimates of total
dissociation cross section into all neutral species. Thus recent experimental and
theoretical results from several independent investigation now give a unified and

consistent picture of dissociation of C,Fs.
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Diagram of the experimental tube.

Comparison of previous total dissociation cross sections by Winters and Inokuti to
values presented in this paper.

Absolute total dissociation and ionization cross sections for C,Fg near threshold.
Total ionization cross sections for C,F¢ with respect to electron energy. The solid
line represents values recommended by Christophorou and Olthoff; (o) are cross
sections measured by Basner et al.; and (o) represent values measured here after
normalization at 100 eV. Measurements were taken with a 300 volt bias on the
electron sink.

Neutral dissociation cross sections near threshold: [Fig. 9a] (-A-) experimental

estimate; (-O-) calculated estimate; [Fig. 9b] (A) Hayashi and Niwa; (0) Motlagh and

Moore (for partial dissociation of C,Fginto CF3 and C,Fs minus Oy, jon for CF;" from

Poll and Meichsner); (®) using O g4iss from this paper minus Gy o, measured by Basner

et al.

Total dissociation cross section in comparison to excitation energies reported by M.
B. Robin (insert). Electron-impact energy-loss spectra of C,F¢ indicate peaks at 12.0,
13.6, 14.5 eV. Slope discontinuities can be visualized in the measured data by lines

included to guide the eye.
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Table I. Total dissociation and total ionization cross sections for C,Fg in units of 1071

cm?. Data in columns 2 and 4 are from this work, and data in column 3 are from Ref. 4.

Electron Energy Present Winters and Inokuti Present

[eV] Gt.diss Gt.diss Gt.ion
8.1 0

8.7 0

9.2 0

9.7 0

10.2 0.01

10.7 0.03
11 0
12 0.09
13 0.28 0.06
14.1 04 0.06
15 0.58 0.09
16 0.74 0.12
17 1.04 0.23
18 1.19 0.35
19 1.51 0.55
20 1.73 0.77
21 1.87 1.01
22 2.11 3.1 1.27
23 2.47 1.54
24 2.64 1.8
25 2.97 2.06
26 3.2 2.33
27 3.38 2.53
28 3.5 2.75
29 3.69
30 3.85 3.29
40 5.08 491
50 6.36 6.02
60 6.7 6.79
72 7.56 8.1 7.25
100 7.95 8.5 8.38
125 7.98 8.6 8.6
150 8.3 8.36
200 7.88 8.1 8.17
250 7.56 8.06
300 7.03 7.3 7.43
400 6.23

500 5.6

600 4.94

700 4.7
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