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Abstract

We measured absolute partial cross sections for the formation of positive ions followed by electron impact on tungsten hexaflygpride (WF
from threshold to 900 eV using a time-of-flight mass spectrometer (TOF-MS). Dissociative ionization processes resulting in seven different
singly charged ions (F W+, WF,*, x = 1-5) and five doubly charged ions 8§ WF,>*, x = 1-4) were found to be the dominant ionization
channels. The ion spectrum at all impact energies is dominated Ry ¥égment ions. At 120 eV impact energy, the partial yZWkonization
cross section has a maximum value d#3x 1016 cn? that corresponds to 43% of the total ion yield. The cross section values of all the
other singly charged fragment ions at 120 eV range betweg910107¢ and 073 x 10~ cn?. The ionization cross sections of the doubly
charged ions are more than one order of magnitude lower than the cross sectiogifoD¥Eble ionization processes account for 21% of the
total ion yield at 120 eV. The absolute total ionization cross section of WS obtained as the sum of all measured partial ionization cross
sections and is compared with available calculated cross sections.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Our group reported the first experimentally determined
electron ionization cross sections for Wkore than 10
Plasma-enhanced chemical vapor deposition processegears ago in a Conference rep§r|. The data were ob-
are an important area of application of non-thermal, tained using a sector-field mass spectrometer with a very
low-pressure plasmas. In these plasmas, ionization and disigh mass resolution. Measurements carried out with this
sociative ionization of the neutral heavy particles in the instrument were highly susceptible to ion discrimination,
ground or in excited states by electron impact is animportant j e., fragment ions with excess kinetic energy were not de-
and, in many plasmas, the dominant ion and radical forma- tected with 100% efficiency. Moreover, it was not possible to
tion process depending on the shape of the electron energycarry out a complete quantitative correction of this ion loss.
distribution function. In an effort to understand the electron Therefore, the data were never published in a peer-reviewed
ionization processes and to develop models of the chemistryjournal. Here, we report measured electron ionization cross
occurring in technologically important plasmas various re- section data for Wgobtained in a time-of-flight mass spec-
liable cross sections for the electron impact ionization and trometer (TOF-MS) that allows us to determine reliable ab-

dissociative ionization are needed. Tungsten hexafluoride splute partial ionization cross sections without mass discrim-
(WFse) is widely used as a precursor for plasma-enhanced ination of the energetic fragment ions.

deposition of tungsten-containing thin films in materials
processing for mechanical surface protectjtx3] and in
the fabrication of microelectronic devicgs-6]. 2. Experimental details

* Corresponding author. Tel+49-3834-554-426: ' The measuremgnts were carrleq out using a TOF-MS that
fax: +49-3834-554-301. is shown schematically iRig. 1 The instrument and the data
E-mail address: basner@inp-greifswald.de (R. Basner). acquisition and analysis procedures have been described in
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Fig. 1. Schematic diagram of the TOF-MS and a detailed view of the electron impact ion source used in the present study (all dimensions are &) millimeter

detail before[8-10] and the reliability of this mass spec- of the electron pulse was in the range from 1 tquEOwith
trometric technique for the measurement for absolute par-an energy spread of about 0.5 eV (FWHM). The impact en-
tial ionization cross sections of energetic fragment ions was ergy was varied from 5 to 900 eV and the electron beam was
demonstrated in the case of TiCSiF4, and GFg [8-10] guided by a weak magnetic field (200 G). A voltage of 1 kV
Briefly, the TOF-MS can be operated either in a linear mode (extraction fields of 1 kV cm!) was applied to the repeller,
using detector | or in a reflection mode using the reflector roughly 10 ns after the incident electron pulse passed through
(grids: G, Ga, Gs) and detector Il. In the present study, all the ionization region. This extraction pulse accelerates the
measurements for the determination of the partial ionization ions formed by electron impact toward the grounded ion
cross sections were performed with the TOF-MS operated source exit aperture and the entrance electrode of the flight
in the linear mode to ensure complete ion transport from tube, which is held at 2.8 kV bias voltage. We maintained
the ion source to the detector and to reduce the data collec-operating conditions under which 100% ion transmission of
tion time by operating the instrument at a maximum rep- all ions from the ion source to the detector was established
etition frequency of 20kHz. The ion source chamber was with the exception of ion losses at the grids &d G. The
filled with a well-defined WE/Ar mixture through precision  output signal from the respective MCP passes a preampli-
leak valves up to partial pressures of about 10~*Pa in fier, a constant fraction discriminator and is recorded with a
an effort to facilitate the simultaneous measurements of the 2 GHz multiscaler (FAST ComTec, Model 7886) with a time
ions from Wk and Ar under identical operating conditions. resolution of 500 ps. Our TOF-MS was operated in such a
The relative partial W ionization cross sections were put way that no more than one ion of the most intense ion sig-
on an absolute scale by normalization relative to the partial nal was created during each electron pulse. This resulted in
Art ionization cross section of.22 x 10~ 16cn? at 70eV low overall count rates and comparatively long data acqui-
[11]. Taking into account the uncertainties #6% in the sition times, but ensured, on the other hand, that dead time
Ar reference cross sectigil], the statistical uncertainty  corrections to the recorded signal rates were negligible.
in our pressure measurementb8% and an uncertainty of
typically +3—7% resulting from the counting statistics, we
assign an overall uncertainty 6f15% to the absolute ion- 3. Results and discussions
ization cross sections reported here.

Typically, the electron gun was operated using electron  The mass spectra of ions resulting from electron impact
pulses of 100 ns width. The electron beam has a diameteron WFg at an electron energy of 70eV derived from mea-
of about 0.6 mm in the interaction region and the amplitude surements carried out with the TOF-MS operated in the lin-
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ear mode and in reflection mode were found to be identical. is small and nearly identical and indicates only a small
In the reflection mode, with the much higher mass reso- amount of excess kinetic energy. The broadening increases
lution, the five isotopic contributions of tungsten are com- from WFRs™ to WR* to WFH to W*. A similar broaden-
pletely separated for all fragment ions and correspond to ing pattern was found for the doubly charged fragment ions.
the excepted valug42]. Our results are in excellent agree- By far the strongest broadening was measured for the light
ment with the mass spectra found in the NIST data baseF* fragment ion, which is indicative of a broad distribution
[13] for the heavier ions W and WK™, but we found of excess kinetic energies. The WHass spectrum in the
significantly higher ion signals for W& (by 14%), Wk NIST data basg13] does not show anyF signal at all.

(by 29%), WF" (by 39%), and W (by 31%), respectively.  As stated above, all data reported here were obtained under
The reason for this discrepancy may be the optimized de- operating conditions that guarantee 100% ion transmission
tection efficiency of our TOF-MS for energetic fragment of all ions from the ion source to the detector was estab-
ions. This optimization is usually not done for quadrupole lished with the exception of minor ion losses at the grids G
mass spectrometers that are commonly used in analytic masand G.

spectrometry. We carried out qualitative checks of the ex- We found no evidence of thermal decomposition of g¢VF
cess kinetic energy for all fragment ions by performing at the hot surface of the filament used in the electron gun.
a full horizontal sweep of the extracted ion beam using The measured threshold for th& fons at about 23 eVTable

a double-focusing mass spectrometer and comparing thel) is much higher than the ionization energy of atomic F
shapes with the AT ion signal, which is characteristic of (17.422 eV[16]) and the appearance energy df ffom R

a beam of ions without excess kinetic enefgyl4,15] All (15.6 eV [16]). This demonstrates that the entire recorded
curves show a broadening which is indicative of excess ki- F* ion signal can be attributed torRfragment ions resulting
netic energy. The broadening for the ions ¥WFand WK from the dissociative ionization of WF
Table 1
Absolute partial counting and total (charge weighted) electron ionization cross sections goadNd-function of electron energy
Electron energy (eV) lonization cross section (3®cnm?)

lon

Fr wt WF+ WF,+ = WF,* WFs+
16 0.0059
17 0.103
18 0.228
19 0.328
20 0.00271 0.455
21 0.0077 0.62
22 0.013 0.755
23 0.0021 0.034 0.915
24 0.0047 0.055 1.04
25 0.0061 0.079 1.18
26 0.0082 0.0053 0.116 1.35
27 0.012 0.017 0.162 1.52
28 0.014 0.036 0.196 1.63
29 0.016 0.063 0.235 1.76
30 0.019 0.09 0.275 1.87
31 0.024 0.0021 0.143 0.316 2.07
32 0.031 0.0049 0.203 0.351 2.17
34 0.038 0.041 0.28 0.417 2.46
36 0.051 0.096 0.339 0.452 2.62
38 0.061 0.183 0.397 0.478 2.74
40 0.071 0.012 0.245 0.434 0.497 2.84
42 0.082 0.033 0.294 0.457 0.505 2.9
44 0.091 0.067 0.339 0.482 0.51 2.98
46 0.102 0.0033 0.105 0.389 0.506 0.513 3.05
48 0.108 0.01 0.14 0.426 0.528 0.515 3.12
50 0.117 0.034 0.173 0.473 0.548 0.519 3.19
55 0.151 0.091 0.216 0.529 0.561 0.522 3.33
60 0.179 0.143 0.262 0.565 0.564 0.524 3.44
65 0.212 0.176 0.289 0.596 0.566 0.523 3.54
70 0.258 0.21 0.32 0.633 0.566 0.523 3.62
80 0.357 0.286 0.36 0.689 0.559 0.52 3.75

90 0.461 0.346 0.381 0.703 0.548 0.517 3.86
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Electron energy (eV)

lonization cross section (10cn?)

lon

= w+ WF+ WF* WFs* WF,* WFs*
100 0.566 0.392 0.387 0.701 0.535 0.514 3.91
120 0.731 0.444 0.387 0.677 0.502 0.505 3.92
140 0.874 0.472 0.383 0.653 0.478 0.488 3.91
160 0.999 0.489 0.375 0.62 0.446 0.477 3.86
180 1.07 0.497 0.366 0.598 0.417 0.466 3.82
200 1.08 0.497 0.359 0.573 0.405 0.459 3.77
300 1.02 0.449 0.309 0.488 0.332 0.422 3.47
400 0.897 0.373 0.261 0.407 0.288 0.379 3.08
500 0.728 0.309 0.221 0.352 0.241 0.329 2.75
600 0.628 0.277 0.201 0.305 0.212 0.288 2.53
700 0.552 0.237 0.179 0.272 0.18 0.267 2.27
800 0.502 0.214 0.162 0.243 0.167 0.254 2.09
900 0.457 0.187 0.143 0.228 0.155 0.24 1.96
W+ WF+HF W+ WFa++ WF, Total

16 0.0059

17 0.103

18 0.228

19 0.328

20 0.458

21 0.628

22 0.768

23 0.9511

24 1.01

25 1.27

26 1.48

27 1.71

28 1.88

29 2.07

30 2.25

31 2.55

32 2.76

34 3.24

36 3.56

38 3.86

40 4.1

42 0.00175 4.27

44 0.00606 4.48

46 0.01307 4.69

48 0.0021 0.02 4.89

50 0.0048 0.033 5.13

55 0.0053 0.021 0.06 5.57

60 0.0024 0.019 0.043 0.089 5.98

65 0.0022 0.012 0.032 0.059 0.11 6.33

70 0.013 0.027 0.052 0.083 0.136 6.75

80 0.063 0.071 0.102 0.124 0.183 7.61

90 0.101 0.101 0.135 0.162 0.228 8.27
100 0.135 0.123 0.154 0.183 0.249 8.69
120 0.18 0.15 0.174 0.208 0.268 9.13
140 0.219 0.169 0.191 0.219 0.279 9.41
160 0.237 0.173 0.195 0.23 0.282 9.5
180 0.247 0.173 0.192 0.232 0.281 9.48
200 0.249 0.171 0.191 0.231 0.281 9.39
300 0.235 0.154 0.175 0.217 0.255 8.56
400 0.194 0.125 0.152 0.187 0.212 7.42
500 0.157 0.101 0.126 0.164 0.178 6.38
600 0.142 0.089 0.109 0.149 0.156 5.73
700 0.119 0.077 0.098 0.135 0.134 5.08
800 0.102 0.069 0.085 0.12 0.118 462
900 0.092 0.061 0.08 0.114 0.105 4.27
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Fig. 2. Absolute partial W§ ionization cross sections for WF (filled squares), Wg: x 10 (filled stars), W%‘ x 10 (open circles), \Ng: x 10 (filled
triangles), WF x 10 (open triangles), W x 10 (filled circles), and f (filled diamonds) as a function of electron energy up to 200eV.

The numerical values of the partial ionization cross sec- with the total single WE ionization cross section and the
tions for the formation of singly charged ions, the partial total Wk counting ionization cross section. The cross sec-
counting ionization cross sections for the formation of dou- tion curves of all ions show a very similar shape as a func-
bly charged ions, and the total ionization cross section (the tion of impact energy. The cross sections increase rapidly
charge weighted sum of all partial cross sections) as a func-from threshold to a maximum and then decrease gradually
tion of the energy of the ionizing electrons from threshold to towards higher impact energy. None of the cross section
900 eV are given iffable 1 The corresponding cross-section curves displays any indication of the low-energy structures
curves of the singly and doubly charged ions are shown in that were found in the case of TiCl8]. The maximum for
Figs. 2 and 3rom threshold to 200 eV. The total Wkon- the singly charged ion$-{(g. 2) was found to be in the range
ization cross section is shown Kig. 4 up to 900 eV along between 50 and 100eV. The only exceptions are the W
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Fig. 3. Absolute partial W§ionization cross sections for WE* (filled stars), WE™* (filled diamonds), WE™ (filled squares), WE™ (filled triangles),
and W (filled circles) as a function of electron energy up to 200eV.
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Fig. 4. Present absolute total \Wionization cross section (open circles), present absolute total singéeidiization cross section (open squares), present
absolute total counting W§Fionization cross section (filled circles), calculated absolute total single MMkization cross sectiofil8] (filled squares),
and two calculated absolute total counting yMBnization cross sectiofil9] (filled and open stars) as a function of electron energy up to 900 eV.

and F" ionization cross sections which reach their maxi- (last column ofTable J) is derived as the charge weighted
mum value at 200 eV. It is obvious from the cross section sum of the twelve partial ionization cross sections reported
curves shown irFigs. 2 and 3hat dissociative ionization  here and is shown iRig. 4. The curve exhibits a maximum

is the dominant process in the entire range of impact en-at 160eV with a peak value of ®x 10-16cn?. Further-
ergies. We found only a very weak ion signal attributable more, Fig. 4 shows the comparison of various experimen-
to the formation of the WE" parent ion at very high W§ tally determined and calculated cross sections available for
pressure and at electron currents that were higher than thos&VFg. The total single ionization cross section of YWas
typically employed in our measurements. The largest max- calculated using the DM formalisfii8]. The level of agree-

imum cross-section value was obtained for thesWHrag- ment with the experimental total single cross section is not
ment ion, 392x 10~6cn? at 120 eV. This ion accounts for  very satisfactory below 150 eV. The calculated cross section
about 43% of the total ionization cross section of y\#E rises faster as a function of electron energy and shows a

120eV. The ion spectrum in the lower energy region, which relative sharp peak at 80 eV. At higher impact energies, the
is of special interest for low-temperature plasma technology, measured values exceed the calculated cross section as the
changes with increasing impact energy due to the different calculated cross section declines faster with increasing im-
appearance energies for the various idfig.(2), but is also pact energy as the measured cross section. This high-energy
dominated by WE". For example, WE" accounts for 99%  behavior of the DM cross section is not atypical and a con-
of the total ionization cross-section value at 20 eV and for sequence of the Gryzinski-type energy dependence used in
83% at 30 eV. We note, that the cross section curves of thethis model. More recently, Deutsch et B10] have modified
fragment ions WE", WFRs+ WF,™ WF, and W' in Fig. 2 the DM formula and incorporated the quantum mechanically
were multiplied by a factor of 10 for clarity of presentation. *“correct” high-energy dependence. The other two calculated
Doubly charged ions appear at energies above 42 eV andcross sections curves Kig. 4 were obtained with two vari-
show the largest cross section values in the energy range beants of the BEB methof 9]. Both curves represent the total
tween 150 and 200 eV (s@able landFig. 3). All maximum counting ionization cross section of WFA comparison of
cross section values are more than one order of magnitudethe BEB cross sections with our experimental data shows a
lower compared with the maximum W cross section.  much better agreement in terms of the cross section shape
The charge weighted sum of all doubly charged fragment and in terms of the absolute cross section values. The ex-
ions accounts for about 21% of the total ionization cross perimental cross-section values again are lower than both
section of WIg at 120 eV. The contribution to the total WF  calculated cross sections in the entire energy range. The de-
ionization cross section arising from the formation of dou- viation between the BEB results and the experimental data
bly charged ions is larger than for most molecUtEg]. The decreases with increasing energy. Overall, the level of agree-
total ionization cross-section curve of tungsten hexafluoride ment between the experimental data and the BEB calcula-
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tions is of the order of the experimental uncertainty of 15% References

above 100eV.
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