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Abstract

Absolute dissociative electron attachment cross sections for the formation,df;F and NE from NF; have been
measured in a crossed beams geometry by using the relative flow technique. Discrimination against ions with high kineti
energy are eliminated by employing a pulsed electron beam, pulsed ion extraction and a segmented time of flight mas
spectrometer. The cross sections for theférmation, which is the dominant channel, is found to be almost a factor of 2 larger
than what is reported earlier. This descrepancy is explained in terms of the discrimination against ions of appreciable kineti
energy in earlier measurements. (Int J Mass Spectrom 205 (2001) 111-117) © 2001 Elsevier Science B.V.
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1. Introduction becomes imperative for the measurement of partial
cross sections when more than one type of ions are
The accuracies in the measurements of cross sec-produced. However, in order to obtain absolute or
tions for any dissociative processes in molecules have even relative cross sections, it is necessary that the
been limited by the kinetic energies of the resulting extraction, mass analysis, and the detection proce-
fragments. This has been the situation particularly for dures for these ions are carried out without discrimi-
electron impact processes like dissociative electron nating against their initial kinetic energies, angular
attachment (DEA) and dissociative ionization (DI), distributions or their mass to charge ratios. These
though there exist a few exceptions in which reliable requirements are almost impossible to be met in the
absolute cross sections for DEA have been measuredcase of a gas cell which provide an extended source of
using the Tate and Lozier apparatus [1] for total ion ions, thus necessitating the use of crossed beams
cross sections [2]. In these exceptional cases, only onegeometry employing a molecular beam and an
type of negative ion is produced and measurements electron beam, which provide an almost pointlike
could be carried out without mass analysis of the source of ions. Even with a point source of ions, it has
products. The use of a mass to charge ratio analysisbeen found that conventional mass spectrometers
are not reliable in cross section measurements when
 Corresponding author. E-mail: ekkumar@tifr.res.in the ions produced have appreciable initial kinetic
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(TOF) mass spectrometer along with the pulsed-
electron-beam and pulsed-ion-extraction tech-
niques and the relative flow technique. Such a
combination has been used for both DEA and DI
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measurements for a number of molecules until now iy S Assembly
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NF; is an important molecule from the point of
view of various applications as a fluoride source in
dry etching and in gas lasers. It has been shown that
NF; plasma is very efficient in etching silicon and
silicon dioxide. This has been explained as due to the
relatively large dissociation of Nfas compared to
CF, in a discharge [11]. A specific advantage of using
NF;is the clean surface it provides as compared to the 2. Experiment
fluorocarbons which tend to give carbonaceous depos-
its on the etched surfaces. More recent work on, NF The details of the experimental arrangement with
plasma has shown the importance of electron impact slight variations and the method of measurement have
dissociation of NEto the plasma chemistry as wellas been described in earlier publications [3,4,9,10].
the etching of silicon [12]. However for the sake of completeness a summary is

So far there exist only two measurements on the provided below.
absolute cross sections for DEA on this molecule The measurements were carried out in a crossed
[13,14]. And these differ by as much as a factor of 2. beams geometry employing a pulsed electron beam
This discrepancy is a manifestation of the difficulties which intersected an effusive molecular beam at right
(as mentioned above) in making these measurementsangles (Fig. 1). The ions formed were extracted by a
Harland and Franklin [13] employed a linear TOF pulsed electric field into a segmented TOF spectrom-
mass spectrometer where as Chantry [14] used a Tateeter and detected by a channel electron multiplier
and Lozier [1] apparatus, under the assumption that operated in the pulse counting mode.
the ions resulting from the DEA process have rela- A heated tungsten filament was used to produce
tively small kinetic energies. However, recent mea- free electrons and they were formed into a beam using
surements on the ion kinetic energies [15] have shown the Pierce geometry of cathode, grid and a grounded
that F ions are produced with appreciable kinetic aperture. The electron beam was further collimated
energies (about 2 eV at electron energies close to theusing the magnetic field (50 G) generated by a pair of

o

Channeltron
~ Faraday Cup

ol ji

Fig. 1. Schematic of the experimental arrangement.

resonant peak). In view of this, the fact that the cross
sections obtained by Chantry is about twice those
obtained by Harland and Franklin is not surprising
since a linear TOF mass spectrometer is more likely to
discriminate ions of large kinetic energy as compared
to a Tate and Lozier apparatus employed by Chantry.
Considering the importance of Niata and the fact
that F ions are produced with relatively large kinetic

solenoids immersed in the vacuum chamber. The gun,
the interaction region, and the Faraday cup which is
used for monitoring the electron current were
mounted along the axis of these solenoids. The
pulsing of the electron beam was carried out by
initially cutting off the beam current by raising the
negative bias on the grid with respect to the cathode
and the filament and overriding it with a positive pulse

energies, and that the measurements by Chantry wereof 1 ns rise time. The width of the pulse used in this
under the assumption of “modest” kinetic energies, experiment was about 300 ns. The molecular beam
we felt it necessary to make DEA measurements on was produced by flowing the gas through a capillary
this molecule with the more accurate technique pres- array mounted at right angles to the electron beam.
ently available. The ions formed by the interaction were extracted
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by a pulsed electric field produced between two F is the lightest of the three ions, the pulses due to it
molybdenum wire meshes of 90% transmission caused heavy pile up in the TAC at the pressures we
placed symmetrically about the interaction region. needed to run the experiment for obtaining reasonable
The separation between them in the current experi- statistics for the other ions. This was overcome by
ment was 10 mm. The direction of the extraction field applying appropriate delay for the “start pulse” of the
was at right angles to the electron beam direction and TAC so that the pulses due to” Fdid not get
along the axis of the TOF mass spectrometer. The registered when the excitation functions for the ions
field was produced by applying a negative pulse of of lower intensity was measured.

200 V for a duration of Jus to the grid situated away The excitation functions obtained for each type of
from the TOF spectrometer. The timing of the pulse jon was normalized to absolute cross section using the
was such that it trailed the electron pulse by a few tens relative flow technique [16]. The basic principle
of nanoseconds so that the electron beam did not getpehind this technique is to compare the relative
affected by the large extraction field. This large intensities of the species of interest to that of a
extraction field ensured that all the ions produced with standard species of known cross section. In terms of
varying kinetic energies and angular distributions the various experimental parameters, the equation

were brought into the TOF spectrometer within a goyerning this technique could be written as
narrow, though diverging cone. The segmented flight
tube of the TOF spectrometer was designed to act aso(X /AX) = a(Y"/BY)
gn electrpstatlc lens assembly such that the d|v<_erg|ng N(XT) F(BY) MY2 1 (BY) K(Y")
eam of ions were transported to the detector without NOYO) F(AX) ME2T(AX) KX
any loss. Since this experimental setup was used to AX Te
carry out DEA to laser excited molecules, the chan- (1)
neltron was mounted off axis in order to shield it from
the scattered UV laser photons. By applying a suitable
voltage between two deflection electrodes mounted at
the end of the flight tube assembly and before the
detector, it was ensured that all the ions reached the - ;
detector. flow rate, I, is the electron currenty is the cross

The TOF mass spectra were obtained by using a section, anK is the detection efficiency which is a
time to amplitude converter (TAC) and a pulse height product of the efficiency with which ions are extracted

analyzer. Special care was taken to ensure that theffom the interaction region, their transmission through
overall count rate did not exceed one-tenth of the the mass spectrometer and finally the efficiency with
repetition rate of the electron gun pulsing so that pile Which they are detected. The overall efficiency as a
up problems were negligible. This was particularly function of the mass to charge ratio could be written

important since F ions were produced with very @S

large int[ensities even at relatiyely Iow pressures. For K(m/e) = kokoks @)
measuring the excitation functions for individual ions,

the appropriate time windows in the TAC were Wwherek; is the efficiency of extraction from the
chosen and the data were stored in a PC using ainteraction regionk, is the efficiency of transmission
General Purpose Interface Bus (GPIB) based datathrough the mass analyzer, akglis the efficiency of
acquisition system which also controlled the electron detection of the ion by the particle detector. In
energy. The measurement of the excitation functions practice, it is difficult to isolaté,, k,, andk; and one
for F, and NE needed special attention since the measures onlK. k; is independent of the mass to
cross section for the formation of Fvas a few orders  charge ratio, but depends on the initial kinetic ener-
of magnitude larger than those for these ions. Since gies and angular distributions of the fragment idgs.

whereA, B, X, andY represent atomic or molecular
species and X andBY, the parent moleculedl is the
number of ions collected for a specific tind, is the
molecular weight of the parent moleculds,is the



114 D. Nandi et al./International Journal of Mass Spectrometry 205 (2001) 111-117

could be made independent of these by applying large 2.5 QT T
enough extraction field in the interaction regions so ‘“'g E ~, .
that all the ions are extracted into the mass spectrom- ;’ 2.0 = :' A =
eter independent of the kinetic energies and angular g 15 oS ". B
distributions. The effect of such extraction fields on s Eoe '.. 3
the electron beam could be eliminated only by pulsing ‘é 1.0 2 ’.. -
the electron gun and the extraction field without any - :ﬂ: 5 ]
temporal overlap. g 05¢ I =
The transmission efficiency in the mass analyzer, O 0.0 C J|.H.|‘...\...mw,:

1

k, is independent afn/ein a TOF spectrometer unlike

in the case of a quadrupole mass spectrometer. How-
ever, k, could depend on the initial kinetic energies
and angular distribution of the ions in the following Fig. 2. Cross section for the formation of F

way. Depending on the kinetic energies and angular

distributions, the ions extracted from the interaction g ch |evels that there is saturation in the detection

region will have finite divergence at the entrance of efficiency. It was found that a bias of 1500 V on the
the mass spectrometer. In order to transport these ionsygsecone of the channeltron was sufficient to obtain
to the detector without loss, one needs to use an satyration for the all the ions of relevence in the

electrostatic focusing lens assembly. This could be present measurements.

achieved by using the mass spectrometer itself as a  The cross section for the formation of Grom 0,
focusing assembly. Thus in the present case, the flight\ya5 used in the present case to calibrate the cross
tube of the TOF spectrometer is made of four separate gections for the formation of E F, and NF formed
elements and biased in such a way that the divergents,om NF, as well as to calibrate the energy scale. An
beam of ions entering it is focussed at its exit where analysis of the various data on the formation of O
the detector is mounted. This lens system was de- frgm 0, [20] have identified the results of Rapp and
signed using theimion program [17] by taking into  Byiglia [2] as fairly accurate within an error of 10%.
account worst case kinetic energies and angular dis-The yncertainty in the overall detection efficiency of
tributions and optimum extraction fields. Thus by the jons is estimated to be 5%. The uncertainty in the

appropriate choice of a multi-element TOF mass fjoy rate measurements is about 5% and the statistical

spectrometer we could make independent om/e  errors in counting were 1% each in the case ofafd

and initial kinetic energies and angular distributions. o~ and about 5% in the case of Fand NF,. The
The detection efficiencyks of the ions by the  error in the electron current measurement may have

channel electron multiplier has been found to depend gn ypper limit of 5%. Considering all these, the

on the velocity with which the ions strike the detector compined error in the present measurements works

surface. Thus for a given acceleration, ions of smaller ot to be about 15%.

m/ewill have larger detection probability [18]. In the

case of measurements on positive idk(sn/e can be

determined using cross sections for the formation of 3. Results and discussion

singly charged ions from their respective noble gas

atoms in the mass range from 4 to 132, by the relative It was found that F is the most dominant ion from

flow technique [19]. But so far it has not been possible the DEA process with very small intensities of Bnd

to apply it to the negative ions due to nonavailability NF,. This is consistent with the earlier reports

of accurate cross sections in a wid#e range. The [13,14]. The cross sections for all the three species

only way to take care of then/e dependence oK are given in Figs. 2, 3, and 4, and in tabular form in

throughk; is by increasing the nosecone voltages to Table 1.

o

1 2 3 4 5 6 7 8 9
Electron energy (eV)

0
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Electron energy (eV)

Fig. 3. Cross section for the formation of F
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ions are in good agreement with the earlier reports. 5 19
For all the ions, there is a finite cross section even at 2.20

zero energy. This is unlike the results of Ruckhaberle 2-28

et al. [15], but is similar to those by Harland and
Franklin [13]. The high resolution measurements of
Ruckhaberle et al. showed finite cross section for F
at zero energy, where as both fand NF, appear

only above 1 eV. In the present measurements, as in3 oo

Cross section (102 cm?)
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Fig. 4. Cross section for the formation of NF
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Table 1
Cross section for the formation of various ions from/NF
Electron o(F) o (F) o (NFy)
energy (eV) (10 *¢cnP) (107 *° cnP) (1072° cnP)
0.00 0.53 0.18 0.48
0.10 0.58 0.23 0.34
0.20 0.64 0.30 0.38
0.30 0.72 0.34 0.41
0.40 0.79 0.35 0.46
0.50 0.92 0.38 0.50
0.60 1.04 0.48 0.47
0.70 1.21 0.51 0.67
0.80 1.33 0.63 0.71
0.90 1.52 0.71 0.93
1.00 1.68 0.82 1.17
1.10 1.95 1.03 1.78
1.30 2.03 1.15 2.20
1.40 211 1.25 2.43
1.50 2.16 1.40 3.34
1.60 2.18 151 3.94
1.70 2.20 1.60 4.50
1.80 217 1.64 4.46
1.90 214 1.59 4.93
2.08 1.65 4.62
2.03 1.59 4.01
1.93 1.52 3.73
1.83 1.40 3.20
1.74 131 2.68
2.50 1.63 1.15 2.13
2.60 1.50 1.07 1.55
2.70 1.40 0.99 1.41
2.80 1.28 0.87 1.06
2.90 1.16 0.78 1.01
1.05 0.65 0.63
3.10 0.94 0.58 0.54
3.20 0.84 0.50 0.50
3.30 0.75 0.45 0.33
3.40 0.66 0.38 0.35
3.50 0.59 0.31 0.21
3.60 0.50 0.28 0.29
3.70 0.44 0.24 0.17
3.80 0.38 0.20 0.15
3.90 0.32 0.15 0.20
4.00 0.28 0.15 0.11
4.10 0.23 0.2 0.08
4.20 0.20 0.10 0.11
4.30 0.16 0.09 0.06
4.40 0.14 0.07 0.09
4.50 0.12 0.06 0.16
4.60 0.10 0.04 0.09
4.70 0.08 0.04 0.04
4.80 0.07 0.03 0.03
4.90 0.05 0.04 0.06
5.00 0.04 0.02 0.01
5.10 0.04 0.02 0.03
5.20 0.03 0.02 0.06

(continued on next page)
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Table 1 ¢ontinued of NF,, the peak seems to be squeezed from both the
Electron o (F) o (Fy) o (NF;) rising and falling edges with respect to that of .F
energy (eV) (10 *®cmP) (1071° cnP) (107%° cnP) Based on kinetic energy spectra of lRuckhaberle et
5.30 0.02 0.01 0.05 al. has concluded that the observed resonance may be
5.40 0.02 0.01 0.05 due to two anion states of the parent molecule, with
5.50 0.02 0.01 0.06 vertical energies of 1.8 and 2.2 eV, respectively, from
5.60 0.01 0.01 0.07 .

570 001 0.01 0.06 the neutral NE. They attribute the observed forma
5.80 0.01 0.01 0.06 tion of F~ ions of lower kinetic energy at the incident
5.90 0.01 0.01 0.07 electron energy of 2.2 eV to the dissociation of the
6.00 0.01 0.01 0.03

higher state through a three particle break up (i-e. F
F, and NF). The relative absence of Nkt higher

the case of Harland and Franklin, the electron beam is energies, as seen from the narrowness of the peak

not monochromatic and has a typical halfwidth of 0.5 could be due to propensity for the anion state at 2.2
eV. It is possible that the high energy tail of the eV to dissociate through this three body break up or a

electron energy distribution is giving rise to the finite two body break up leading to;Fand NF, rather than

cross section at zero energy foy &nd NF; . F and NE. It will be interesting to pursue this
An interesting feature of the results is the relative problem further, based on Franck-Condon overlap

sharpness of the NFpeak as compared tgFand F . gnd the f:iissociation limits for the two resonant states,
For the sake of clarity, the excitation functions of all I Potential energy surfaces for the neutral as well as
the three ions are given in Fig. 5, normalized to their 1€ résonances are available. - _
peak intensities. The Fand F; peaks have a half As for the absquEelgross sections, for We obtain
width of 2.4 and 1.9 eV respectively, whereas,;NF a value of 2.2x 10°*¢ cmf” as compared to 1.%

has a halfwidth less than 1 eV. One may argue that the 1212 sz_ reported by Chantry [14] and Q'ﬁ 10
smaller width is due to the late onset for their © obtained by Harland and Frankiin [13]. As

formation, as seen in the shift in the peak position pointed out by Harland and Franklin, their measure-

with respect to F. This explanation may be valid for men_ts wgre supposed to be an estimate of the cross
the case of F which has the same amount of shift in sections in the absence of any other measurements.
its peak position, but the falling edge of the peak is The measurements by Chantry was for the total cross

fairly close to that of F peak. However, in the case section, and considering the cross section for the
' formation of F is a few orders of magnitude larger as

compared to other ions, it may be treated as the F

IIHIIIH|I11H[II|IHHIIIIIIIHII\IIHIIHH H h | d h H
1 e, cross section. Chantry normalized the cross sections
>t S '-:' 4 to absolute values using the cross section forf@@m
?, r . et A 7 N,O as the standard “based on the expectation that F
=2 A NS 1 would be formed from NEwith only modest kinetic
E A Lo i energy.” The kinetic energy of O from N,O is
g et ‘ -:._ . reported to have only 0.4 eV [21], whereas the kinetic
5 & 00 %, 1 energy measurements by Ruckhaberle et al. [15] gives
' oe® a on
= L s R | an energy close to 2 eV for Hormed at the resonant
l—AAA A o0 gy
0 TH|||H||||HH||||J|||||1H|||?Tﬁﬁﬂ:ﬂ”!ﬂu peak in NF3 Considering the |arge difference in
0 1 2 3 4 S kinetic energies in the two cases, it is very likely that
Electron energy (eV) Chantry may have made a gross underestimation of

. . - _ _ the F~ cross section. Thus, a factor of 2 difference we
Fig. 5. Comparison of the excitation functions of -, , and NF . . .
The intensities are normalized at the respective peaks. Squares—observed in our data W't_h respect to that measured by
F~, circles—F, and triangles—NE. Chantry could be explained.
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For F,, the cross section we obtained is smaller

than that obtained by Harland and Franklin, where as

for NF,, it is larger than the corresponding data,
within a factor of 2. The source for disparity is not
known except for the inherent difficulties in measuring
relatively small cross sections, including the contribu-
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