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Absolute total cross sections(TCS’s) for 0.5–370-eV electrons scattered by nitrogen trifluoridesNF3d
molecules have been measured using a linear transmission method under single collision conditions. It was
found that the TCS energy function for NF3 is dominated with two pronounced enhancements: one resonantlike
centered between 2 and 3 eV with the maximum value of 28310−20 m2 followed with a minimum at around
7–12 eVs,17310−20 m2d, and the second much broader enhancement located around 40 eV(19310−20 m2

in the maximum). The low-energy enhancement is superimposed with some weak features located near 1.8,
2.2, and 2.8 eV. The integral elastic cross section has been calculated at intermediate energies using an
independent atom method with a static plus polarization model potential. The cross section for ionization has
been computed as well using the binary-encounter-Bethe approach. The sum of calculated cross sections
reasonably reproduces the intermediate-energy experimental TCS, with respect to the shape and value. The
TCS for NF3 is also compared with the TCS for ammoniasNH3d which was supplementary measured and the
effect of substitution of fluorine atoms for hydrogen(perfluorination effect) is demonstrated and discussed.
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I. INTRODUCTION

New concepts and advancement of many present-day
technologies need the basic knowledge of the wide range of
electron-molecule processes and comprehensive information
on behavior of electrons in low-temperature plasma[1]. Ni-
trogen trifluoridesNF3d, first synthesised over 80 years ago
[2], is widely used as an efficient fluorine source for the
production of very large-scale integrated electronics[3,4],
and in rare gas-halide excimer laser systems[5]. It is also
used for synthesis of fluorine containing compounds[6].
What is important, in the absence of strong activation, NF3
appears to be a quite inert and environmental friendly com-
pound[7].

Experiment using electrons for the study of NF3 structure
was carried out not earlier than in the half of past century[8].
Further experimental studies were performed on variety of
electron-stimulated processes for this molecule: direct and/or
dissociative ionization[9–12], the negative ion formation
[9,13–17], the dissociation involving emission[18], the elas-
tic scattering and vibrational excitation[19]. Behavior of
electrons in gaseous NF3-containing media[5,20–26], as
well as electron-stimulated surface chemistry of NF3 [27],
were also investigated. In spite of such wealth of experimen-
tal works concerning electron-NF3 interaction only few give
the intensity of studied processes in absolute scale. From the
computational side, thee−-NF3 scattering has come to atten-
tion quite recently[28–31].

The main goal of the present paper is to provide accurate
absolute total cross section(TCS) data for electron scattering

from the NF3 molecule over a wide energy range. These
results should stimulate further experiments and more refined
theoretical developments.

In order to investigate how the electron-scattering cross-
section energy dependence changes when all hydrogen atoms
in a molecule are replaced by fluorine, we have compared the
TCS results for NF3 with those for its hydrogenated counter-
part, NH3. There are already some TCS data for NH3 avail-
able from various laboratories, the absolute[32–36] and nor-
malized [37] ones. However, results from different
laboratories differ from each other as to the magnitude(cf.
Ref. [38]) in the overlapping energy range; the most serious
deviations arise in the TCS maximum resonant region(up to
25%), around 10 eV, and at high energies(to 35%). For
proper comparison it is more appropriate to have data from
the same laboratory. For this purpose the TCS for NH3 was
also measured in the present work.

For a better understanding of the intermediate energy en-
hancement, observed in TCS energy functions for fully flu-
orinated compounds, we have also computed the elastic cross
section at intermediate energies and the ionization cross sec-
tion for thee−-NF3 scattering; their sum—calculated “total”
cross section—is used for comparison with the present ex-
perimental TCS results.

II. METHODS AND PROCEDURES

A. Experiment

The TCS for electron scattering has been measured em-
ploying the transmission method[39] in a linear configura-
tion. The apparatus and measuring procedure is similar to
that extensively used in our previous TCS experiments.
Since a detailed description has been given previously
[40,41], only a brief summary is presented here. The electron
beam of a given energyE is formed by an electron gun
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followed by an energy dispersing cylindrical electrostatic
monochromator and directed into the interaction cell by an
electron zoom lens system. The electrons which pass the
scattering volume are energy discriminated by a retarding-
field element and eventually detected by a Faraday cup.
When target molecules are admitted into the scattering cell,
the transmitted electrons suffer scattering what reflects in the
attenuation of a recorded electron current.

To determine the TCS valueQsEd we used the
Bouguer–de Beer–Lambert(BBL) attenuation formula:

QsEd =
k

pl
ÎTmTg ln

I0sEd
IgsEd

,

where k is the Boltzmann constant,l is the effective path
length of the interaction region in the target,p is the pressure
of the investigated target gas,Tm is the temperature of the
manometer heads322 Kd, Tg is the temperature of the scat-
tering cell, andIp and I0 are, respectively, the intensities of
the transmitted electron currents in the presence and absence
of the target gas in the scattering cell; the formula takes into
account the thermal transpiration effect[42]. The electron
energy scale is calibrated by the well-known standard—the
2.3-eV oscillatory resonant structure in N2. The spectrometer
works with a typical incident electron current of
0.1–100 pA, and energy resolution of about 80 meV(full
width at half maximum).

The measurements were carried out for a given energy in
series of runs. Within limits of statistical uncertainties, the
results obtained in different series were independent of ap-
plied sample pressuress80–260 mPad and the electron-beam
controlling parameters. An averaging procedure with weights
depending on the statistical uncertainty was applied to derive
the final total cross section at a particular energy. The scatter
of TCS results(one standard deviation of the weighted mean
value) reaches about 1.5% below 1 eV while being well be-
low 1% at intermediate energies.

With the use of present method, the determination of ab-
solute TCS values is possible because all quantities in the
BBL formula can be directly measured or determined. How-
ever, even if the TCS measurements by the transmission
method are performed very carefully, the results are charged
with systematic uncertainties inherently connected with the
method itself. The BBL attenuation formula does not take
into consideration two important effects:(i) the most trouble-
some one, which systematically lowers measured TCS, is
related to the fact that apart of unscattered electrons detected
are electrons which undergo the elastic forward scattering
through small angles; the retarding-field filter prevents only
the electrons scattered inelastically with energy losses higher
than 100 meV to be detected. The forward scattering in-
creases with the increase of the electric dipole moment of
scatterer and with energy. Uncertainties related to the imper-
fect discrimination of electrons scattered into small forward
angles can be estimated if angular distribution for elastic
electron scattering at each energy is available, especially at
close to zero angles. Based on the differential elastic cross-
section data[19,31] we estimated that the amount by which
the present TCS may be too low due to elastic forward-

scattering should not exceed 1% at 100 eV decreasing
steadily down to 0.2% in the resonance region. At the highest
energies used in the present experiments370 eVd anticipated
uncertainty amounts about 2–3%;(ii ) another inevitable
problem is connected with the end effects at the entrance and
exit apertures of the scattering cell. The target-gas flow
through the chamber orifices causes the inhomogeneous
pressure distribution inside the scattering cell. On the other
hand, the presence of the effusing sample particles outside
the cell does not allow us to determine accurately the real
path length of electrons within the target region. In conse-
quence, the uncertainty appears in evaluation of the factorpl
in the denominator of BBL formula. Estimations based on
the calculations of Nelson and Colgate[43] show that for the
present geometry the end effect contributes to the uncertainty
of TCS less than 1% when the factorpl is replaced with the
productpmL, wherepm is the sample pressure as read by the
mks manometer head andLs=30.5 mmd is the distance be-
tween entrance and exit apertures of the reaction cell. Sum of
the other possible systematic errors, encountered in the mea-
surements of the electron beam current and of the target pres-
sure, have been estimated to be less than 2%. The NF3
sample with a stated purity 99.99% obtained from ABCR
GmbH and NH3 (99.96%) from Merck were used directly
from supplied cylinders.

B. Computation

The theoretical approaches and computational procedures
used in the present calculations are essentially the same as
employed and described in our earlier studies[44], so only a
brief summary follows. The elastic cross section for electron
collisions with NF3 molecules is calculated with the indepen-
dent atom method(IAM ) [45], in which the integral elastic
cross section for electron scattering by a molecule is given
by

ssEd =
4p

k
o
i=1

N

Imf isu = 0,kd = o
i=1

N

si
AsEd,

whereE is an energy of the incident electron,f isu ,kd is the
scattering amplitude due to theith atom of the molecule,u is
the scattering angle, andk=Î2E is the wave number of the
incident electron. The atomic elastic cross section of theith
atom of the target molecule,si

AsEd, is derived according to

sA =
4p

k2 So
l=0

lmax

s2l + 1dsin2dl + o
l=lmax

`

s2l + 1dsin2dl
sBdD .

To obtain phase shiftsdl, partial wave analysis is employed
and the radial Schrödinger equation,

F d2

dr2 −
lsl + 1d

r2 − 2fVstatsrd + Vpolarsrdg + k2Gulsrd = 0,

is solved numerically under the boundary conditions

uls0d = 0, ulsrd ,
r→`

al ĵ lskrd − bln̂lskrd,

where ĵ lskrd and n̂lskrd are the Riccati-Bessel and Riccati-
Neumann functions, respectively. The electron-atom interac-
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tion is represented by the staticVstatsrd [46] and polarization
Vpolarsrd [47] potentials. The phase shiftsdl are connected
with asymptotic form of the wave functionulsrd, by

tan dl =
bl

al
.

In the present calculations the exact phase shifts are calcu-
lated for l up to lmax=50 while those remaining,dl

sBd, are
included through the Born approximation.

The electron-impact ionization cross section is obtained
within the binary-encounter-Bethe(BEB) formalism [48] in
which the electron-impact ionization cross section per mo-
lecular orbital is given by

sBEB=
S

t + u + 1
F ln t

2
S1 −

1

t2
D + 1 −

1

t
−

ln t

t + 1
G ,

where u=U /B, t=T/B, S=4pa0
2NR2/B2, a0=0.5292 Å, R

=13.61 eV, andT is the energy of incident electron. The
electron binding energyB, kinetic energy of the orbitalU,
and orbital occupation numberN, are calculated for the
ground state of the investigated molecule with the Hartree-
Fock method using theGAMESS code [49], and GAUSSIAN

6-311G basis set. Because energies of the highest occupied
molecular orbitals(HOMO) obtained this way can usually
differ from experimental ones, we performed also outer va-
lence Green function calculations of correlated electron af-
finities and ionization potentials[50,51] using theGAUSSIAN

code [52]. Finally, the experimental values[53] of the first
ionization potential have been inserted in the calculation, in-
stead those obtained theoretically, to fix the threshold behav-
ior of the ionization cross section at the experimental value.
The total ionization cross section is obtained as the sum of
sBEB for all molecular orbitals.

III. RESULTS AND DISCUSSION

In this section we present our electron scattering TCS for
the NF3 and NH3 molecules measured in the transmission

experiment over energy range from 0.5(0.6) to 370 eV. We
also make some remarks on the comparison of the obtained
TCS for NF3 with the sum of available experimental partial
cross sections. Same comparison of the TCS is also made
with the sum of calculated elastic and ionization cross sec-
tions for this molecule. Later, comparison of the present TCS
for NF3 with our data for NH3 is made and the perfluorina-
tion effect is indicated and discussed.

A. Nitrogen trifluoride, NF 3

The variation of the absolute total electron-scattering
cross section for NF3 with an electron energy is shown in
Fig. 1 together with other available experimental cross sec-
tions: the elastic integral obtained by Boestenet al. [19], for
electron attachment by Chantry[15] and Nandiet al. [17],
and the total ionization taken by Tarnovskyet al. [11] and
Haalandet al. [12]. The numerical TCS values from the
present experiments are listed in Table I.

Figure 2 confronts the present TCS with theoretical cross
sections: the integral elastic calculated by Joucoski and
Bettega[31], the ionization by Deutchet al. [29], and with
the present elastic and ionization cross-section calculations.

As neither experimental nor theoretical TCS data are
available in the literature, for further discussion we used:(i)
the sum of experimental electron attachment[17], the elastic
[19] and ionization[12] cross sections; i.e., the experimental
“total” cross section(Fig. 1) and, (ii ) the sum of computed
integral elastic cross sections from Ref.[31] and the present
one, both spliced at 60 eV, and the present ionization cross
section; i.e., calculated total cross section(Fig. 2). With re-
spect to the shape, both total cross sections, experimental as
well as theoretical, agree resonably well with the present
TCS results in the overlapping energy range. However, the
low-energy maximum in the experimental total cross section
(Fig. 1), appears to be rather weakly marked and distinctly
lower (by 30–40%) than the maximum in our TCS and
shifted by 1 eV to higher energy(near 4 eV). The agreement

FIG. 1. Experimental cross sections fore−

-NF3 scattering: full circles, present TCS, error
bars represent overall(systematic plus statistical)
uncertainties; open circles, elastic[19]; full stars,
total ionization[11]; open diamonds, total ioniza-
tion [12]; full triangles, dissociative attachment
[15]; crosses, dissociative attachment[17]. Full
line represents experimental total cross section
obtained as the sum of the elastic[19], the ion-
ization [12], and the attachment[17] cross sec-
tions. Note: the cross-section scale is the log
scale below 5.
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between the TCS and experimental total cross section signifi-
cantly improves in the range 6–12 eV, worsening again up
to about 20% around the second maximum at 40 eV; it is
worth noting that the compared cross sections still lie within
combined experimental uncertainties. On the other hand, cal-
culated total cross section, elastic plus ionization, has the
resonant maximum shifted up to 7 eV(Fig. 2). At interme-
diate energies, the sum of calculated cross sections is in sat-
isfactory accordance with our experimental TCS, to within
10%.

The present TCS energy dependence has two distinct fea-
tures:

(i) the first one is a pronounced enhancement, spanned
from the lowest energy useds0.5 eVd up to about 10 eV,
with rather flat maximum of 28310−20 m2 between 2.2 and
3 eV. On this enhancement one can discerne some weak
structures located at 1.8, 2.3, and 2.8 eV; though they are
comparable in the magnitude to random fluctuations in single
runs, they are well repetitive. The shape of the TCS curve
around 2.5 eV suggests that the low-energy enhancement
might be resonant in origin, that is, the electron scattering in
this energy region goes, apart of direct processes, also
through temporary attaching of the probe electron to mol-
ecule for a resident time longer comparing to the transit time
of an electron through a region of molecular dimension. The
short-lived anion decays via autodetachment of the extra
electron to the parent molecule in its vibrational states or
decomposes into a variety of negative and neutral fragments.
The flateness and width of the TCS maximum(about 3 eV at
half maximum) suggest the possibility of more than one un-
resolved capture processes in this energy range. The forma-
tion of only one shape resonance around 3 eV, assigned to
orbital of E symmetry, has been deduced by Boestenet al.
[19] from their experimental vibrational excitation functions.
Earlier, Rescigno[30] has noticed the presence of a broad
shape resonance around 5.5 eV in the calculated momentum-
transfer cross section and suggested that this resonant state
could be also responsible for the observed dissociation of
molecule. The dissociative electron attachment channel ap-
pears to be very effective for NF3 molecule; the total attach-
ment cross section peaks around 1.7 eV(see Fig. 1) with the
value nearly 2.2310−20 m2 [17]. More detailed analysis of
dissociative products(F−, F2

−, and NF2
−) [16] shows that in

this energy range two resonant states are possible: one in the
electronic ground state—centered at 1.8 eV, and the other,
electronically excited—near 2.2 eV. Notice, that at the same
energies two lowest features of the present TCS are located.
Further evidence for the formation of two closely spaced
low-energy shape resonances(assigned to theE and A1 or-
bitals) arises from elastic calculations of Joucoski and
Bettega[31]. The location of these resonances is, however,
shifted to much higher energys,7 eVd due to neglecting
polarization effects.

As the elastic integral cross section measured by Boesten
et al. [19] is in the region of the 2–3-eV resonance distinctly
lower (by about 35%) than the present TCS(Fig. 1), one
might attribute this difference to a considerable role of vibra-
tionally inelastic processes. The estimated contribution from
the most effective vibrational channels appears to be close to
10%[19] of that elastic. The observed deficiency in the mag-
nitude of the cross section may also result simply from rela-
tively high uncertaintys,30%d of the Boesten normalization
procedure.

(ii ) starting from about 10 eV, where the TCS has its
minimum s17310−20 m2d, the second very broad enhance-
ment extends nearly to more than 100 eV peaking between
30 and 50 eV with the value of 19310−20 m2. This enhance-
ment seems to be related mostly to elastic scattering[31],
although with noticeable contribution from other allowed
channels like ionization[11,12] and dissociative excitation
[18,30]. An argument for such supposition comes from the
sum of experimental elastic and ionization cross sections that

TABLE I. Absolute electron-scattering total cross sections for
NH3 and NF3 molecules in 10−20 m2.

E TCS E TCS

(eV) NH3 NF3 (eV) NH3 NF3

0.5 15.9 9 23.1 16.7

0.6 17.6 16.6 9.5 23.4 16.7

0.7 16.7 10 23.3 16.7

0.8 15.8 18.1 11 22.9 16.6

1.0 14.4 19.6 12 21.7 16.7

1.2 13.3 21.2 14 16.9

1.4 22.7 15 19.6

1.5 11.9 23.3 16 17.2

1.6 24.0 17 18.5

1.7 24.8 18 17.6

1.8 25.2 20 17.5 17.9

1.9 25.4 22 16.8 18.2

2.0 10.9 26.3 25 15.8 18.6

2.1 26.9 27 15.1 18.9

2.2 27.4 30 14.4 19.2

2.3 27.5 35 13.5 19.4

2.4 27.5 40 12.8 19.4

2.5 10.7 27.7 45 12.3 19.4

2.6 27.8 50 11.6 19.3

2.7 28.0 60 10.7 18.8

2.8 27.9 70 10.1 18.3

2.9 27.8 80 9.75 17.3

3.0 11.0 27.7 90 9.24 16.6

3.2 27.2 100 8.88 16.1

3.5 11.9 26.5 110 8.27 15.6

3.7 25.8 120 7.85 15.1

4.0 12.5 24.9 140 7.12 14.1

4.5 14.3 22.7 160 6.62 13.1

5.0 15.9 20.9 180 6.19 12.3

5.5 16.5 19.5 200 5.81 11.5

6.0 17.7 18.5 220 5.49 11.0

6.5 19.1 17.6 250 4.93 10.4

7.0 20.3 17.2 275 4.59 9.94

7.5 21.1 17.0 300 4.23 9.63

8.0 22.0 16.8 350 3.92 9.18

8.5 22.6 16.7 370 3.64 9.07
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has a weak shoulder in the region of 20–60 eV while its
magnitude is consistent with the TCS in the limit of com-
bined uncertainties. Even better confirmation for the ground
of the 20–100-eV TCS enhancement gives the sum of cal-
culated elastic and ionization cross sections which has quite
remarkable hump located in the same energy range(Fig. 2).
The descending part of the TCS, above 100 eV, can be ap-
proximated with the functionQ,E−0.5, that means the TCS
is proportional to the time the incoming electron needs to
cross the molecular dimension.

It is interesting that around 8–10 eV, where perfluorides
usually have their maximum, for NF3 only very weak feature
may be discernible. It is also worth noting two weak struc-
tures superimposed onto this broad enhancement: around
12 eV some weak knee in the TCS curve is visible, that
might be associated with the electronic excitation of NF3
molecule[30], while very broad structure spanned between

110 and 180 eV may reflect the ionization cross section
maximum observed in this energy range[12,29].

B. Perfluorination effect

The changes in electron scattering cross sections caused
by replacing of hydrogen atoms in molecule with fluorine are
already known since systematic studies of cross sections
have been performed for polyatomic perfluorinated com-
pounds and their perhydrogenated homologues(see, Refs.
[54] and [55], and the references therein). It was found that
differences between TCS’s for fully fluorinated and hydroge-
nated compounds(e.g., hydrocarbons and respective fluoro-
carbons) are characterized by some regularities(fluorination
effects) [54,56].

To further examine how perfluorination affects the TCS
and if the observed earlier regularities are also valid for more

FIG. 3. Illustration of perfluorination effect.
Present experimental total cross sections: full
circles, NF3; open circles, NH3.

FIG. 2. Comparison of the TCS fore−-NF3

scattering(full circles, present) with computed
cross sections: crosses, integral elastic[31]; dot-
ted line, present elastic; dashed-dot-dot line, ion-
ization [29]; dashed line, present ionization; full
line, sum of elastic(below 60 eV from Ref.[31],
beyond 60 eV present results) and ionization
(present) cross sections.
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simple compounds we compared the present TCS for thee−

-NF3 scattering with measurements for NH3. Though some
TCS’s for NH3 have already been reported[32–37], the prob-
lem arises as to which of the TCS sets should be selected for
comparison with NF3 as the results obtained with different
techniques differ substantially in the magnitude(see Ref.
[38]). In general, results obtained with the techniques em-
ploying the magnetic field for selection and/or guidance of
the electron beam[32,34,37] are lower than those taken with
electrostatic devices only[33,35,36]. Around 10 eV, close to
the TCS maximum, differences reach even 25%. Because
such systematic experimental factors might strongly alter
conclusions, we measured TSC also for NH3 to reduce this
problem. The NH3 data we used for comparison are below
1 eV and beyond 80 eV our new TCS results, while between
1 and 80 eV, where energies used in old and new experi-
ments overlap, the data are weighted mean values from our
previous[33] and new measurements(the numerical data are
given in Table I). Figure 3 shows the energy dependence of
the present experimental TCS for NF3 and that for NH3.

It is clearly evident that the substitution of fluorine atoms
for hydrogen in the investigated molecule changes drastically
the magnitude and shape of the TCS over the entire energy
range studied. Regarding the shape, for energies below
50 eV both TCS’s behave antypathetic: whilee−-NF3 func-
tion descends with the energy decrease that for the NF3 in-
creases and vice versa. Below 6 eV the TCS for NF3 remark-
ably exceeds that for NH3. From 6 eV up to 18 eV the TCS
for NH3 becomes distinctly higher while above 20 eV the
interrelation of TCS’s changes and TCS for NF3 is again
much higher. This behavior confirmes our earlier findings
[57,58]. As the differences of TCS’s at intermediate energies

can be simply explained with larger geometrical size of per-
fluorinated targets in comparison to hydrides, at energies be-
low 20–30 eV the reason of differences seems to be more
subtle and must be rather related to internal structure of com-
pared molecules. At 0.7 eV the TCS curves for NH3 and NF3
intersect again—the effect we did not observe before. Such
behavior may be related to high ratio of electric dipole mo-
ments of compared molecules(see Table II); for other pairs
of molecules studied so far the dipole moments of perfluo-
rines and their hydrogen containing homologes did not differ
so much. It is also interesting to notice that the experimental
TCS for NH3 equals gas-collision cross section near 200 eV
while such accord for NF3 occurs not before 300 eV; same
relation holds for other perfluorinated and perhydrogenated
analogs[57,58].

IV. SUMMARY

In this work we reported the absolute total electron-
scattering cross sections for NF3 and for NH3 molecules
measured in a linear transmission experiment from 0.5 to
370 eV. The TCS energy dependence for NF3 shows two
distinct enhancements. Much more pronounced
enhancement—resonant in character—is centered between
2.2 and 3 eV and superimposed with weak features located
at 1.8, 2.2, and 2.8 eV. The second enhancement is very
broad with the maximum placed within 30–50 eV. Compari-
son the the TCS data for NF3 with the sum of existing ex-
perimental partial cross sections and with the sum of calcu-
lated cross sections suggests the source of the intermediate
energy enhancement. Present data for ammonia are in good
agreement with previous results according to the shape of
TCS energy function but are generally higher, especially
around the maximum near 9.5 eV. A comparison of the
TCS’s for NF3 with that for NH3 indicates a distinct perflu-
orination effect over the entire energy range studied.

The current level of understandinge−-NF3 scattering is
still not satisfactory and to explain all observed features of
TCS for NF3 and quantify the scattering process, more de-
tailed theoretical studies as well as additional experimental
information on various scattering channels are required.
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