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Negative ion motion in the mixtures of Sk with CF, and CH4-Ar
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This paper deals with the measurement of the mobility of negative ions in the mixtureg wft8FCF, and
the CH,-Ar (50:50 binary mixture with S contents up to 50%. The pulsed Townsend technique was used to
observe the integrated ionic avalanches over a range of the density-reduced electri€/Nietdr which
ionization is either negligible or absent, and attachment processes are significant, leading to the formation of
mostly Sk~ . The E/N range of measurement was from 1 to 70 Td (1=Td " V cm?), over which the
measured mobilities were found to be almost constant. The mobility of the negative ions was also measured for
trace amounts of SFn CH, and Ar and 1% CF; thereby providing a good value of the mobility of SFin
these pure gases, in order to test the measured mobilities with Blanc’s law. We have found good agreement,
within quoted experimental uncertainties, between calculated and measured values.
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. INTRODUCTION leading to the formation of SF with cross sections of
1.5x10 B cn? for 1 meV and 5<10 *° cn? for 0.7 eV
Sulfur hexafluoride is a gas of widespread use in the highelectrons, in contrast with a fairly constant attachment cross
voltage and semiconductor plasma processing industries. It§action for SE~ formation of 2< 10~ ® cn? over the same
mixtures with other gases have become increasingly impofanergy rangd4,5]. In the present SFmixtures, a negative
tant, not only for etching but also for finding §kixtures 5, signal can be ascribed to the presence of S&s the

with other gases that would retain many of its outstandingy,aiority species, since the density-reduced electric field in-
thermal and insulating characteristics, while being SUbStant'ensity E/N used here was kept small. Furthermore, ioniza-
tially less harmful to the environment]. Mixtures of Sf ion processes can be ruled out, since these would have been
with CH,, CF, or Ar are either currently used for practical 55 rent from the shapes of the ion transient signals as a step
applications, or have been suggested as po_tentlal replac&;]_ On the other hand, GHand CF, are only slightly elec-
ments for using pure JF The present work is part of a fronegative in comparison to $F6—8], forming negative
long-term project to investigate the transport properties oj, s 1y dissociative attachment at energies peaking at several
SF; negative daughter ions in binary and ternary mixtures Ol jectron volts. Usually, binary mixtures have been used and
this gas with rare hydrocarbon and halocarbon gases. On ths"?udied, like the present SFEF, mixture. In this work, we

other hand, from fu_ndamental point of_ view, iOI”l mobility go one step ahead by showing that the negative ion mobility
measurements provide a means of testing Blanc's(B@, in the SK-CH,-Ar ternary mixture can also be successfully

which enables the calculation of the mobility of a given spe-y e icted by Blanc's law, provided that the mobilities of the

cies in a gas mixture in terms of the mobility of the same i0Ng2 me negative ion species in pure gases, SFH,, and Ar

in the pure gases const|_tut|ng the mixture. are well known. The Sfcontent in the mixture were varied
Usually, drift tubes with mass spectrometry are used forbetween 3.75 and 60% for SIEF,, and between 0.1 and

studying ion transport since these apparatus can provide gy, ) ) - . s
almost unambiguous identification of the species under in%bm for Sfs-CHa-Ar, by keeping the Chk: Ar ratio fixed at

vestigation. However, their higher pressure limit of operation50'50'
is around 10 Torr, since the mass spectrongstenust be
operated at pressures less than %Torr. However, under
some special circumstances like the present one, where there
is only one negative ion majority species, the identity of The time-resolved pulsed Townsend method relies on the
which can be established by indirect means, the use of thmeasurement of the total displacement current due to elec-
pulsed Townsend methd®TM), lacking mass spectrometry, trons and ions drifting through a parallel-plate capacitor. Fig-
can be justified and thereby leads to acchirate and reliablere 1 shows a schematic layout of the experiment. Full ac-
results. The use of this method is advantageous with respecbunts of this method can be found elsewhé&®,1Q.
to the drift tube-mass spectrometer in its wide range of The discharge is initiated by the instantaneous release of
operating pressures, usually from 0.1 Torr to 1000 Torr, aphotoelectrons from the cathode by the action of Ultraviolet
in the present case. It is well known thatsSRkas a very (UV) light. Under the action of the electric field between the
large electron attachment cross section for slow electronglectrodes, these photoelectrons will move toward the anode.
According to the gas or gas mixture and to t&N ranges,
on their way to the anode they may ionize atud) be at-
*Electronic address: jdu@fis.unam.mx tached to the gas neutrals. Since the electrons are more mo-

II. ANALYTICAL BACKGROUND
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FIG. 1. Schematic diagram of the experiment.
Time (us)
bile (by a factor of 100 or mopethan the ions, the latter will
remain virtually in their positions of formation during the  FIG. 2. Sample ionic transient in the SEH,;-Ar
electron transit. Thus, on a much slower time scale, the ion&0%:40%:40% mixture, E/N=16 Td and 505 Torr total pressure.
will move toward their corresponding electrodes. This en-
ables the distinction of two types of current contributions,very large(1 G(} in the present cas& =30 pF), then the
namely, a fast or electronic component, and a second, slowassive resistance-capacitence circuit connected to the ampli-
or ionic componen{9,10]. fier terminals behaves as an integrator. Thus, keeping in
Under the present loiE/N conditions prevailing in this mind thatnv, product is large, the voltage between the input

investigation, and because of the relatively high pressureterminals of the amplifier is, using E¢3),
(50-1000 Torr used, most of the initial photoelectrons be-

come attached to the gRolecules during the first nanosec- V()= 1 ti di~ anOt @)
onds of discharge development. Thus, in the absence of ion- mYCce " CT,"
ization, the negative ion current during the electron transit is
[9,10] which is a linear current growth to a maximum of
: NoQo n
|n(t):(-|—_n)[1_ex|i_7lvet)]: (1) Vn(Tn): %

wheren, is the photoelectron numbaeyy is the ion chargey
is the electron attachment coefficient, is the electron drift negative ion transient in the SFCH,-Ar mixture. In the

\éifg:)yéﬁﬂg;”:@d/ igntfetzeeé%r:i\t/rea?os: gm‘f’vgggirt?/isut:ger same figure, the arrows indicate the start and end of the ion
" n X ' drift regime f hichT,=Teng— Tstart- The slight d-
conditions of strong attachmefiow E/N, high pressurg . it regime from Wiichn= tend— 1start- 1N SUGNT foun

th tive i i hit > | I|ng edge around th@&;,,; point is due mostly to diffusion.
€ negative lon current can reach Its maximum vaiu€ Well s, note that should there be more than one negative ion
before the electron transit tim&,. During the ionic drift

imeT T th R © 10 species with different mobilities, then the transient would
regimeTe<t<T,, the negative ion current {®,10] show a break, which is completely absent from this curve

Figure 2 illustrates the above behavior very clearly for a

Nodlo thereby supporting the hypothesis that the majority species is
in(t)= (T—)(l—exq— n(d—wvt)]). (2 SF;~ . Finally, the drift velocity is evaluated by
n
In the present experiment, this displacement current is vV :i (5)
integrated at the input of a very high impedance amplifier "y

[6,9,11], which relies on the charging of the stray capaci-

tance connected effectively between the input terminalsand from it the reduced mobility

Moreover, as in the present case, when the gas pressure is

high then thepv, product is large, and Eq2) approximates Ko=(va/No)/(E/N). (6)
very closely to

No I1l. EXPERIMENTAL DETAILS
o410
In(t T, ©) The apparatus has been described for the first time in

some detail elsewhefé&?2]. The vacuum vessel is a stainless-
for T,<t<T,, which is resemblant of a negative ion lamina steel, six-way cross sealed with oxygen-free high-
formed by a very fast ion conversion process, travels towardonductivity (OFHC) copper gaskets, with an approximate
the anode without losing its identity, since ion diffusion hasvolume of 3 I. The vacuum system consists of 80 I/s turbo-
been neglected. When the input resistance of the amplifier ismolecular pump backed by a 1.5°ns™* rotary pump. Nor-
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mally, vacuum base pressures of less than®ITorr can be ST Lt TR
readily attained after about 20 min. - ohog, O SF-CFy
The discharge electrodes consist of a stainless steel anode ost— °© —
and an aluminum cathode, both of 7 cm in diameter and 1 cm T: -"'Fﬁo: % ;W -
thickness, with rounded edges. The anode holds a central - A 00 %SFg
hole of 1 cm in diameter, covered by a flat OFHC copper e AN AN
mesh of 75 lines/mm, to allow the passage of the UV light 5 [V Yyy Wy | 9 s
from the laser, while keeping the electric field homogeneity R otd g
on its surface. The materighluminum of the cathode was v fmo o P | g
chosen because of its larger photoelectron yield in compari- 2 o
son to that of stainless steel. The cathode can be moved from T:-'l,.-.- |
outside via a linear motion feedthrough with 0.0254 mm ac- 06 L LLIII Lol
curacy. The gaganode-cathodedistance was kept fixed at ' 10 100

1.360 cm throughout the experiment.

The electric field within the discharge gap was produced
by a high stability 05 kV regulated power supply, with less i 3. The reduced mobility of negative iofsssumed SF ,
than 10 mV residual ripple, and was monitored by a cali-see textin the SK-CF, mixture.
brated 10 000:1 voltage divider. The gas pressure was mea-
sured by a 0—~1000 Torr range absolute pressure g€ 515 reported in this paper, together with those fog-SF,
Baratron, 622 @ with 0.02% accuracy. should be considered as final.

The initial photoelectrons were generated by a fast flash
of UV light from a 300 wJ nitrogen lasetA=337 nm, 3 ns
full width at half maximum duration, and 50 nfneross sec-
tional area. Measurements of the electron component in
CHg-Ar lead us to estimate that the laser-cathode combina- The reduced mobilities of the $Fegative ion species in
tion was capable of providing a maximum of Ihotoelec- Sks-CF, and SE-CH,-Ar are displayed in Figs. 3 and 4,
trons per pulse. respectively, as a function d/N. Common to these two

The ionic avalanche was detected by a voltage amplifiep|ots is the decrease in the value of the reduced mobility with
of gain 20, 1 @) input resistance, and 15 MHz bandwidth. A the increase in the $Rontent in the mixture, which is con-
stray capacitanc€=30 pF was estimated. In view of the sjstent with the fact that the interaction of the;Sfaughter
relatively slow transit times of the ionic avalanchi€8 us—5  negative ion with its parent GFs strongest than within the
ms) the above bandwidth is considered to be adequate. Thgther gases. Also, one can notice a fairly constant mobility
amplified avalanche pulse was registered by a 60 MHz 0Sgyer a rather wide range &/N, which is indicative of the
cilloscope(Tektroni210), and stored in a personal computer yegime where the long-range attractive part of the interaction
for further analysis. A fast photodiode that detected som@qtential is predominant. According to Wannigk3], this
stray light from the quartz entrance window provided theregime is characterized by a linear dependence of the drift

synchronized triggering of the oscilloscope. velocity with E/N or, equivalently, a constant reduced mo-
The gas temperature was read from a digital thermometejjity,

with 0.1 C resolution. The measurements were performed at a|so in Fig. 4, we have included the mobility curve of
room temperatures over the range 296-303 K. We estimate

EN (Td)

V. NEGATIVE ION MOBILITY IN SF  4-CF,
AND SF4-CH,-Ar

that the maximum error in the setting &/N is less than T T T TTTm] T T 100
0.3%. The gaseous mixtures were prepared inside the dis-
charge vessel by first injecting sFollowed by the injection W
of CF, or premade mixture of 50% GHand 50% Ar. The —_— g n D
purity of the gases used was 99.8% and 99.3% fqy &t M @ REDAAAN I NN
CF4, and 99.99 for the premade GH#Ar mixture at a ratio of "o VWJVWWWW
50:50. A —
s L 6 _
L | O s W%MM’
(=] 0O
IV. RESULTS N S 100% SFg
For the two mixtures considered in this study, the drift -Lo ]
velocity (mobility) of the negative ion species is the average ol Y

of at least three different measurements at the dafheand 1 10 100
different gas mixture pressures. Hence, the associated uncer- EN (Td)

tainties correspond to these averages. The overall accuracy in

the average values of the drift velocitgobility) is 2—5%. FIG. 4. The reduced mobility of negative iof@ssumed Sf ,

Some of the SgCH,-Ar mixture mobility data have been see textin the Sk-CH,-Ar mixture. The broken line corresponds
reported previously as a conference proceedihig]. The to 100% Sk [14].
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TABLE I. Values of low-field mobilities for SE~ in Ar, CHy, 20 T 71T T T T TTTT1
CF, and Sk in cn?V 1S 1,

- m SFCF, |
SF¢-CH,p-Ar

A

SK~ in Ar 1.68 ~ 16
SK;~ in CH, 1.87

SK~ in CRy 0.825
SK~ in SF 0.542

-1 -1
s

2
(ecm V

12

00

K

SF; in SF;, taken from a previous pulsed Townsend mea- 08
suremen{ 10], which is in excellent agreement with a drift

tube-mass spectrometer measurements gf Sir SF; indi- Tl (L 1 11l1d
cated by the arrow at the left-hand side akE2]. The pres- 10 100

ence of Ci, CH, and Ar in large amounts in the mixture % SF

makes them act as efficient electron scatterers, thereby keep- 6

ing the electron energy distribution centered at low energies, FIG. 5. The measured low-field mobility of SF in the
where the electron attachment processes are large, Ieadlngég _CH,-Ar (closed squaresand the SE-CF, mixture (closed tri-

the formation of mostly Sf . Thus, in the following, we angles and their corresponding calculated cur¢eslid line9 ac-
shall assume that the negative ion species under question dgrding to Blanc’s law[Eq. (7)], using the low-field mobility data

Sk . for SK;~ in the pure gasetsee Table)l
VI. COMPARISON OF MEASURED MOBILITIES WITH values are higher than those measured, but in all cases these
THOSE CALCULATED FROM BLANC'S LAW fall within the quoted uncertaintig2—5%).

A second fact that leads us to support our assumption that
SF; is at least the predominant ion in the mixture is the test
of the above low-fieldup to E/N=10 Td) ion mobilities in

the mixture with Blanc’s law, from which the negative ion ]
mobility in the nth gaseous component mixture[ 3] The time-resolved pulsed Townsend method has allowed

us to measure the negative ion mobility in the binary
n SFKs-CF,4 and the ternary mixture QFCH,4-Ar, over a wide
2 _1 7) range ofE/N and gas pressure. The shape of the measured
Km|x =1 K transients indicating that there is only one drifting ionic spe-
cies, together with the loe/N values used have led us to
where Kj; is the ionic mobility of species (S~ in the  assume that the majority ion species under questionjs SF
present cagen the pure gag andx; is the molar fraction of The second abundant ionic species is undoubtedly $fit
gaseous specigsn the mixture. is present in relatively small amounts under the conditions of
In order to evaluate the mobility of the negative ion this experiment, since it is formed with smaller cross sec-
in these mixtures previous knowledge of the mobility of tions at higher electron impact energies. Moreover, the good
SK;~ in the pure gases gF CH,, CF;, and Ar is needed. agreement found when testing the low-field mobilities with
The mobility of SK™ in SK; has been widely studied with Blanc’s law provide further support to our assumption that
drift tube-mass spectrometef42,14,13 with a value of the drifting ion is, at least predominantly, SF. We have
0.542 cmtV~1s 1. However, to the best of our knowledge, also demonstrated the usefulness of measuring the mobility
no published data exist for the low-field mobility of SFin of the negative ion species at trace concentration, which is
any of the gases listed above. In order to obtain these valuesalmost equivalent to measuring the mobility of the negative
we measured the mobility of negative ions of gas mixturegon in a foreign drifting gas. These mobilities have been
with small amounts of SFin the other gases. For relatively found essential to test our measurements with Blanc's law.
inexpensive gases like GHind Ar, we used 100 ppm and 50 The present data are hoped to be useful both for gaining
ppm Sk, respectively. For the case of Cie limited our ~more insight into the fundamental processes governing ion
measurements to only 1% SFHowever the latter value was transport and for the simulation of electrical discharges.
found low enough to be used as a limiting value of the mo-
bility of SF;~ in CF,, as it will be shown below when dis-
cussing the low-field mobilities according to Blanc's law. ACKNOWLEDGMENTS
The low-field mobility values are given in Table I. Using
these values in Ed7), the calculated zero-field reduced mo-  This work was supported by Projects DGAPA-IN104501,
bility of SF; ™ in the present binary SFCF,, and the ternary  SEP-FOME®002, and PROMER2002. The authors are
SFKs-CH,-Ar mixture are plotted in Fig. 5 as a function of the grateful to L. Uruchurtu, G. Ruiz, and A. Bustos for their
SF; content. For the SF-CF, mixture, most of the calculated technical assistance.

VII. CONCLUSIONS
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