Mass spectrometric measurement of molecular dissociation in inductively
coupled plasmas

Yicheng Wang, R. J. Van Brunt, and J. K. Olthoff®
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

(Received 11 August 1997; accepted for publication 13 October)1997

The dissociation fraction of molecules in radio frequency, planar, inductively coupled plasmas are
measured for mixtures of oxygen, nitrogen, sulfur hexafluoride, and chlorine in argon. A modified
gaseous electronics conference rf reference cell with an inductively coupled source is used to
produce the discharges, with pressures ranging from 1.3 Pa to 5.3 Pa and applied powers from
100 W to 300 W. Neutrals are sampled from the side of the discharge, and the degree of dissociation
is determined mass spectrometrically by comparison of the intensities of the parent ion peaks with
the plasma power on and off. Measured dissociation levels,dh@r:O, mixtures ranged from
0.02(i.e., 2% of the oxygen molecules were dissociated).08(8%), while dissociation levels for
Ar:SF; mixtures ranged from 0.92 to 0.98, depending upon plasma conditions. The degree of
dissociation of Glin Ar:Cl, mixtures ranged from near 0.07 to 0.19, while dissociation levels,of N

in Ar:N, mixtures were less than 2% for all plasma conditions studi®@021-897@8)05202-5

I. INTRODUCTION coupled plasma$Investigations of dissociation in ICP-GEC
) . . cells have been limited to pure chlorine discharges. Prelimi-

Plasma enhanced etching and deposition are critical P'%ary reports by Anderson and co-workérs show that CJ
cesses in the fabrication of microelectronic devices. Knowlissociation at the center of the discharge ranges from 70%
edge of the gas-phase composition of these industrial plagg 99%, depending upon plasma conditions. Hebnee-
mas is essential in order to develop and validate the modelSyny measured relative atomic chlorine densities in the cen-
that are being used to refine and improve these processeg; of the ICP—GEC cell, and showed that Cl densities are
One critical parameter is the degree of dissociati_on of ther_learly independent of power, and increase slightly with in-
molecular gases in the feed gas caused by the discharge (g asing pressure. These results are in apparent contradiction

the reactor. Dissociation of the gas by the plasma can Siggi, calculations performed by Deshmukh and Econotiou
nificantly affect the composition of the plasma species, an‘%howing a significant increase in dissociation with increasing

thereby change critical plasma parameters, such as the ele&')wer density for a general plasma model.
trpn densi'Fy and energy distribution. This is espe'cia_llly trug i n this paper we present measurements of the degree of
high density plasmas, such as those produced in inductivelyjssociation of nitrogen, oxygen, sulfur hexafluoride, and

coupled plasmalCP) sources. chlorine (N,, O,, SR, and Cb) in mixtures with argon for

Many plasma models predict the degree of dissociationg|asmas generated in a GEC rf reference cell with an ICP

or the density of radicals, that result from molecular dissoqrce. We concentrate on mixtures of molecular gases with
ciation inside the plasma. Some examples include the wor

) f : ) 5rgon because of their common use in the etching of silicon-
of Bukowskiet al” and Wiseet al,” who calculated Cl den- 1,40 devices. The focus of this investigation is to determine
sities in pure chlorine discharges in an inductively coupleqpe gegree of dissociation that can be obtained for these gas
gaseous electronic conferen¢@EC) radio-frequency(rf)  miyryres over a wide range of plasma conditions in order to

reference cell. They calculated that the Cl and @nsities o5 define the conditions under which dissociation must be
at the center of the plasma volume would be approxmatel)éeriousw considered in plasma models.

equal, for the plasma conditions assumed by the model.

Kushner and co-workers have published several worka

which the degree of dissociation is calculated for molecular

gases mixed with argon for several ICP-type reactors. Thei

calculations show that dissociation levels can vary widely,n' EXPERIMENT

from a few percent to 99%, depending upon reactor geom- g gischarges investigated in this work were generated

etry and plasma conditions. _in a GEC rf reference celf:'® modified for use with an
Despite the fact that some measure of molecular dissoy,qyctively coupled plasma source. The basic inductively

ciation is commonly calculated by plasma models, few ex-qpled source has been described in detail elsewfiere.

perimental data are available to validate these calculation%rieﬂy’ the inductively-coupled source replaces the upper
Some recent measurements have been made for the dissoGiag|el-plate electrode wita 1 cmthick quartz window as a
tion levels of molecular gases in high pressure glowyacyum interface, and a 5-turn planar coil powered by a
discharge§,in_ helical resonator di_schargé:%!n capacitively 13 56 MHz power supply. This design has been modified to
coupled rf dischargeb,and in high density, inductively jcjyde an electrostatic shield da 3 mmthick quartz insu-
lator between the coil and the 1-cm quartz windbyexcept
dElectronic mail: olthoff@eeel.nist.gov for the Ar:Cl discharges, as discussed in Sec. Ill Dhe
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electrostatic shield significantly reduces capacitive coupling 10 — : , , : :
to the plasma which helps maintain a predominately induc- RF off
tive discharge. For all the measurements presented here, the | ------ RF on ﬁ

lower electrode, which consists of a 16.2 cm diam stainless 107
steel plate, is maintained at ground potential, and the power N,
reported is the forward power applied to the induction coil
minus the reflected power to the matching network. Due to
the power dissipated in the induction coil and the surround- N’
ing hardware, the rf power dissipated in the plasma has been 10'F ‘o i 3
shown to be approximately 60% of these values when the 5 , ,
electrostatic shield is in placé,and 80% when the shield is I ;0 n . L A n ﬂ, . “1
removed-? 12 16 20 24 28 82 36 40

The gas enters the cell through one of the 2.75 in. side Mass (u)
ports, and the flow and ratios of the gas mixture were main-
tained by flow controllers. The total flow rate for all of the FIG. 1. Mass spectra of an Ar;N80:20 Ar mixture with the plasma off
experiments presented here was @rifol/s (5 sccm, and the [(;V)V :rnv(\j, ac;ns(’go_\)/(/ The total gas pressure was 2.7 Pa, and the applied rf
gas pressure in the reactor was maintained by regulating the
speed of the turbopump.

The mass spectrometer used here is the same devitave shown that neutral temperatures can increase by several
used previously to measure ion-energy distributions from arhundred degrees in discharges generated in argon or chlorine
gon plasmas in a capacitively coupled GEC ¢8lThe de- in ICP-GEC cells. These temperature increases can have a
vice was mounted on the 6 in. flange opposite the turbaignificant influence on the local densiiyr pressurginside
pump port, and for most of the measurements presented hette plasma. Normalizing the parent ion intensity to thé Ar
the tip of the sampling cone was positioned approximately IJpeak also compensates for any other changes in experimental
cm from the outer edge of the lower electrode plat, 9.2  conditions, including drift in detector efficiency, variations in
cm from the cell axis and 1 cm above the surface of the pumping speed, and small fluctuations in pressure.
lower electrode plate. Gas was sampled through a 0.2 mm The uncertainty of the measured values ffor the
diam hole in the end of a stainless steel sampling cone. ThAr:N,, Ar:O,, and Ar:Sk mixtures is*+0.01 (1 o), based
position of the sampling cone could be moved horizontallyupon the reproducibility of the measurement$obn differ-
over a range of 10 cm to determine the degrees of dissocia@nt days. Relative uncertainties between measurements made
tion as a function of distance from the edge of the lowerduring a single experimental run, i.e., measurement3 ab
electrode plate. a function of pressure or applied power, are less th&01.

For the present measurements the ion-energy analyz&ior the Ar:Cl mixtures the uncertainty i 0.02 because of
was not used, and the mass spectrometer was operatedthre effects of changing surface conditions as discussed in
“residual gas analyzer” mode. Electron-impat0 eV) Sec. Il D. All systematic errors should be removed by the
mass spectra were obtained with the plasma off and with thprocedure(discussed aboyef normalizing all intensities to
plasma on. In each case, between 10 and 40 spectra wettee Ar" peak. The lower detection limit d for this experi-
obtained and averaged. The degree of dissociafignwas ment is 0.02(2% dissociatiopy while the upper detection

2 A

Counts

then calculated using the equation limits are determined by the absolute uncertainty of the
measurement.
Ion Aoff
D=1-( (%], (1)
Aon/ \ loft lll. RESULTS AND DISCUSSION

wherel,, and | are the intensity of the parent ion peak A. Argon—nitrogen (Ar:N,) mixtures

with the plasma on and off, respectively, ahgh andAq are Figure 1 shows a representative mass spectrum from a
the intensity of the Af peak(mass 40 uwith the plasma on §50 W plasma in an Ar:(80:20 mixture at 2.7 Pa20

and off, respectively. The intensities of the peaks of interesm_l_orr) overlaid on a mass spectrum of the same 0as mixture
were determined from the area of each mass peak, which was b€ ) 9
with the plasma turned off. With the exception of the forma-

obtained by integrating the §|gnal across the peak. .ThI%on of some NO with the plasma on, the mass spectra are
proved to be a more reproducible measure of the peak inten-

sity than the peak heights. The parent ion peaks for the gaSEr}uatarly indistinguishable. This is true for a wide range of

ditions, including nitrogen concentrations from
used were mass 32 ufor oxygen, mass 28 for ~ P.asma con )
nitrogen an%(czl (mass go Mforyghlorir'\\g(The ion Siug: is 1% to 50%, pressures from 1.3 Pa to 5.3 Pa, and applied

not produced by electron impact, so;Sfnass 127 is the powers from 10.0 w Fo .350 W._Thus, fpr all the;e conditions,
; . the degree of dissociation of nitrogen is determined to be less
parent ion for sulfur hexafluoride.

The intensities of these peaks were normalized to théhan 0.02, the experimental detection limit of this apparatus.
|fnten3|ty of the AF’_ peak, as in Eq(1), in order to account B. Argon—oxygen (Ar:O,) mixtures
or any changes in plasma temperature when the plasma

power was turned on and off. This is a critical aspect of the By contrast, one can clearly observe in Fig. 2 an ex-
measurement technique since previous measureféhits ample of how the intensity of the JOpeak decreases in an
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Ar:O, mixture when the discharge is ignited. For the 10%
oxygen mixture shown in Fig. 2, the calculated degree of
dissociation is 0.09 for a plasma at a pressure of 1.3 Pa anc
300 W applied power.

The data in Figs. 2 and 3 show that the degree of disso- Mass (u)
ciation of G, in an Ar:0, mixture ranges from 0.02 to 0.09
over a wide range of plasma conditions. While this degree of|G. 4. Mass spectra of an Ar:$F95:5 mixture with the plasmda) off
dissociation is moderate, Fig. 3 shows clear trends in thend(b) on. The total pressure was 4.0 Pa, and the applied rf power with the
measured values d@ as the plasma conditions are changed P'asma on was 200 W.
Figure 3a) shows a significant decrease in the degree of
dissociation as the_pressure is increased in th_e plasma f_rom A similar trend in dissociation is apparent in FigbB
1.3 Pato 5.3 Pa, with the power and oxygen mixture fractionyhere D decreases with increasing concentration of Bi-
held constant at 300 W and 20%, respectively. This may by Fig. 3c) shows a trend of increasing dissociation with
attributed to the increased probability of recombination Ofincreasing rf power, ranging from near the detection limit of

the fragment atoms, either in the gas phase or at the surfacg$gs at 100 W to nearly 0.06 at 300 W, for a 20%@ixture
as the pressure increases. Another possible cause of this» 7 pa.

trend is a r_edugtion in plasma elec_tron ersity as the oxygen The degree of dissociation of ,0n Ar:0, mixtures
concentration increases due to dissociative electron attacyowed no detectable dependence upon the horizontal posi-
ment to oxygen. tion of the sample probe tip relative to the lower electrode
plate, i.e., how far the probe was positioned from the outer
edge of the lower electrode plate. This suggests that these
levels of dissociation may be similar to those in the center of
%107 a0, @0:20 s00w Ao @20 [ 010 the discharge. A direct measurement of the dissociation in
300 W 2.7 Pa 2.7 Pa . .
the center of the discharge was not possible due to the rela-
(@ ® © : . . .
0.08+ -0.08 tive size of the sampling cone and the spacing between the
lower electrode plate and the window in the ICP source.

o

o

&
1

- 0.06
C. Argon—sulfur hexafluoride  (Ar:SFg) mixtures

L 0.04 For Ar:Sk; mixtures the degree of dissociation is signifi-
cantly greater than observed for either Ag:8F Ar:O, mix-
tures. This is clear from the mass spectra shown in Fig. 4 for
an Ar:Sk mixture (95:5. Figure 4a) shows a portion of the
mass spectrunfrom mass 25 u to 140)uwith the plasma
000 10 55 20 40 60 80 100 50 200 250 3OOL0-00 off. As one would expect, this mass spectrum is similar to
Pressure (Pa) O, Fraction (%) Power (W) the standard electron-impact mass spectrum for sulfur
hexafluoridé! except for the presence of argon. The cluster
FIG. 3. Dependence of the degree of dissociation for Antixtures as a  Of mass peaks below 40 u is primarily due to background
function of (a) pressure(b) O, concentration, anéc) power. signal from residual pump oil and air in the system.
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FIG. 5. Dependence of the degree of dissociation for Ay#@itures as a  FIG. 6. Dependence of the degree of dissociation for a Art80:20 mix-
function of (a) pressure(b) SF; concentration, andc) power. ture at 3.5 Pa as a function ¢ power and(b) probe position(distance
from the edge of the lower electrode plate

The mass spectrum shown in Fighjwas taken with ;0 the presence of unknown amounts of impurities, the

the rf plasma on, and shows a significant reduction in thejegree of dissociation for §Fwas measured to be large
intensity of the SE peak at mass 127 u. This reduction in (3pove 0.9p for all conditions investigated here, thus indi-
|nterj:_s|ty corresponds to a Qegree.of dissociation of 0'97cating the importance of dissociation in SEontaining
Additionally, all peaks associated with the mass spectrum Of)lasmas.
SFK;, with the exception of the Speak, also exhibit a sig-
nificant reduction in intensity with the discharge on. This is
indicative of the dissociation products from theg3€acting
with impurities in the plasma system, such as water apd O Dissociation data for Ar:Gl mixtures were measured
Reactions of this sort have been observed in high pressusgithout the electrostatic shield described in Sec. Il, because a
glow discharges containing gFand result in the formation discharge could not be maintained with the shield in place
of sulfur oxyfluorides’? such as SOF SO, and SGF,. for chlorine concentration levels above a few percent. Thus
Mass peaks indicative of these compounds are evident ifor the chlorine-containing mixtures, the GEC cell used here
Fig. 4(b). was configured nearly identically to those in which other
The trends in dissociation of $vith changing plasma studies of chlorine discharges were perforni&tf: 192023
conditions are interesting because they are not monotonic, The data in Fig. 6 show that the dissociation levels of CI
unlike those observed for oxygeffrig. 3). The expected in an Ar:ClL mixture fall between those of Ar:Land Ar:Sk
trend of increasing dissociation with increasing power ismixtures, ranging from 0.07 to 0.19 for the range of condi-
clearly evident in Fig. &), whereD increases from 0.92 to tions presented here. These values are of similar magnitude
0.98 as the applied power increases from 100 W to 300 \Was those calculated by Hoekstra and Kushier an Ar:C,
for an Ar:SK mixture (95:5 at 2.7 Pa. However, peaks are (70:30 discharge in an industrial ICP reactor. Unfortunately,
observed in the measured trends of the degrees of dissocia-quantitative comparison between the experimental data and
tion with increasing pressure and gSEoncentration, as the theoretical calculations is not possible due to significant
shown in Figs. &) and gb). differences in the size of the reactor, the flow rates, and the
Figure 5a) shows the degree of dissociation for a 5% power levels used in each study. It is interesting to note that
SFK; mixture at 200 W as the pressure is increased from 1.3he measured degrees of dissociation presented here for the
Pa to 6.7 Pa. The degree of dissociation exhibits a maximurohlorine mixture are much lower than the large degrees of
of 0.97 at a total pressure of 4 Pa, dropping down to 0.95 alissociation(70%—99% measuretf'!! and calculatet for
both 1.3 and 6.7 Pa. Figurél shows a much smaller varia- pure chlorine discharges in other GEC cells. This possible
tion in D as the concentration of ks increased from 2% to discrepancy may be attributed to the spatial dependence of
10%. the dissociation observed in chlorine-containing discharges,
The exact explanation for these trends is difficult to as-which is discussed below.
sess, although it is reasonable to conclude that the variations The dependence on applied power shown in Fig &
in D for the Sk mixtures result from the complex chemical similar to that observed for Ar:£and Ar:Sk mixtures, with
reactions between the $ffagments and the impurities in the D increasing significantly with increasing power. Dissocia-
reactor. The results presented here were reproducible withition levels were observed to be independent of @ncen-
the stated uncertainties, but the actual valueB ohay vary tration over a range of Gllevels from 10% to 20%. The
considerably from reactor to reactor due to differences4in Opressure dependence could not be measured at this time due
and HO concentrations. However, it is important to note thatto limitations in the pumping system used for corrosive
while these trends in the dissociation of ;Sfhay depend gases.

D. Argon—chlorine  (Ar:Cl) mixtures
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The dissociation data in Fig.(I§) indicate that for the tion for the oxygen molecules was moderate, ranging from
Ar:Cl, mixture D exhibits a significant dependence upon the0.02 to 0.09, with the highest dissociation levels occurring at
position of the sampling probe, with the largest value®of the highest powers, lowest pressures, and lowgstadcen-
measured near the edge of the lower electraqdmbe trations. The dissociation levels for §h Ar:SF; mixtures
position=0). This suggests that for Ar:€mixtures the de- were greater than 0.90 for all plasma conditions studied here,
gree of dissociation at the center of the discharge may beanging from 0.92 for applied powers of 100 W to 0.98 for
significantly greater than in the region outside of the radiusan applied power level of 300 W. The degree of dissociation
of the lower electrode. This would be consistent with thefor SF; exhibited little dependence upon total pressure or
results of model calculations for Ar:CHischarges in ICP concentration of Si For the Ar:C} mixture studied, the
reactors which exhibit dissociation levels nearly a factor of 2degree of dissociation of &€laried from near 0.07 to near
higher in the center of the discharge compared to the level8.20, depending upon the plasma power and probe position.

near the edge of the electrodeBven greater spatial varia- As one might expect, the degree of dissociation for the
tions in dissociation are predicted by calculations modelingdiatomic gases exhibits a correlation with the strength of the
pure chlorine discharges in ICP-GEC célls. molecular bond that is broken during each dissociation pro-

During the course of running the Ar:Ctlischarges, the cess. Thus nitrogen, with a N—N bond strength of 9.76 eV,
surfaces of the stainless steel vacuum chamber, electrodesxhibits little or no dissociation, while oxygéwith an O-O
and sampling probe were modified by the deposition of aond strength of 5.08 evand chlorineg(with a CI-CI bond
brownish substance. The production of this substance hastrength of 2.48 eY each exhibit progressively more
been reported previously in other GEC cells used withdissociatior?* This suggests that the dominant process for
chlorine-containing plasmé&s.Analytical analysis indicates dissociation is due to electron impact.
that the substance deposited on the lower electrode is copper Interestingly, Sk with an S—F bond strength(3.4 eV)
chloride, produced by the reaction of the chlorine-containingoetween that of oxygen and chlorine exhibits the highest
plasma with the copper gaskets in the GEC cell. As reportedegree of dissociation of all the molecules studied here, in-
previously?® the presence of this deposited substance cadicating that other factors play a role in determining the dis-
affect both the discharge and the performance of various disociation level of more complex molecules. The most likely
agnostics. We observed that while an As@lasma was run cause of the enhanced dissociation fog &the large cross
for several minutes in our GEC cell, whose interior surfacesection for dissociative electron attachment exhibited by this
were coated with this substance from previous chlorine plasmolecule?®®
mas, the mass 70 u mass signal, indicative gfd@hcentra-
tion, decreased with time until it disappeared, while thé Ar ACKNOWLEDGMENTS
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