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We report ion energy distributiondEDs), relative ion intensities, and absolute total ion current
densities at the grounded electrode of an inductively coupled Gaseous Electronics Conference
(GEO) radio-frequency(rf) reference cell for discharges generated in pusEsCc-C,Fg, and in
mixtures of each gas with Ar. These discharges contain several ions of significant intensity, with the
dominant ion seldom that expected from direct ionization of the feed gas. Neithepfgen@ the

c-C,Fg fraction in the Ar mixtures significantly influences the reactive ion composition. IEDs vary
from single peaked to bimodal, the latter indicating rf modulation of the ions’ energy as they
traverse the plasma sheath. Elevated gas pressures and higher fractions of,&if@rosC,Fg all

result in comparatively broader and more bimodal IEDs. IEDs in pt@gFg discharges, compared

to G, discharges, generally exhibit more pronounced broadening and bimodality.
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[. INTRODUCTION eration of plasmas in electronegative gases over a much
Low pressure radio-frequendsf) discharges in fluorocar- broader range of pressures and powers. The reactor, along

bon gases are commonly used for the plasma etching dq;/_ith the ion energy a_naly;er and mass spectrometer, are de-
semiconductor materials. lon bombardment is a key proceddicted schematically in Fig. 1. The feed gas enters the cell
in plasma etching and consequently the determination of thErough one of the 2.75 in. side flanges and is pumped out
identities, flux, and energies of the ions striking surfaces exthrough the 6 in. port attached to the turbo-molecular pump.
posed to etching discharges has attracted much interest. Mo5g€ 9as pressure is maintained by a variable gate valve be-
investigations of positive ions in rf plasmas sustained in eifween the GEC cell and the pump. Mass flow controllers
ther GFs or c-C,Fs have been applied to capacitively regulated the flow, which was maintained at 3gf8ole/s(5
coupled reactor;® and only recently have investigations Sccm for pure GFg or c-C4Fg discharges or 7.4amole/s
been extended to inductively coupled reactots. (10 sccm for different mixtures of GFg andc-C,Fg with Ar.

We report mass analyzed ion energy distributiEDs), A 13.56 MHz voltage is applied to the coil through a
relative ion flux densities, and absolute total ion currentgnatching network. The rf power values presented in this ar-
measured using a combined ion energy analyzer-mass spéicle are the net power to the matching network driving the
trometer that samples ions through an orifice in the lowefoil. The actual rf power dissipated in the plasma has been
electrode of an inductively coupled Gaseous Electronicsletermined to be approximately 80% of the power listed.
Conference(GEC) rf reference cell. The absolute ion flux The lower electrode is grounded to the vacuum chamber.
measurements and the ion energy distributions are the first The ion sampling arrangement is identical to that used to
reported for GF; andc-C,Fg, and are useful for model vali- study inductively coupled plasmas in £¥Fand in Ar, N,
dation. lon energies and mass-resolved ion fluxes were me&,, Cl, and their mixtures® lons are sampled through a
sured as a function of gas pressure and mixture concentrdO-um-diam orifice in a 2.wm-thick nickel foil spot
tion. Data are presented for discharges generatedhg,@&-  welded into a small counterbore located at the center of the
C,Fg, and in mixtures of each gas with argon. stainless steel lower electrode. The Afn orifice allows

more accurate measurement of relative ion flux intensities
than larger orifices 100 xwm) commonly used in capaci-
Il. EXPERIMENT tively coupled plasmas. For IED measurements, the ions that

The discharges studied were generated in a GEC rf refefass through the orifice are mass selected by the quadrupole
ence cell reactor whose upper electrode has been replacgtRss spectrometer after being energy analyzed by the 45°
with a five-turn planar rf-induction coil behind a quartz win- €lectrostatic energy selector. The IEDs measured in this
dow to produce inductively coupled dischar§eEhe design manner are essentially ion-flux energy distributidhs.
of the GEC rf reference cell is described in detail Past experience with the ion energy analyzer indicates
elsewher€® In a manner similar to that of Jayaraman, that the ion transmission is nearly constant over the energy
McGrath, and Hebnéfa quartz annulus was mounted to the ranges observed heteA mass-dependent transmission cor-
upper quartz window of the GEC cell. This ring was devel-rection factor, however, was applied to the highest mass ions
oped for use in the GEC rf reference cell to allow the gen{mass>40 u) in order to compensate for some decrease in

the ion transmission of the quadrupole mass spectrometer
dElectronic mail: goyette@eeel.nist.gov with increasing mass. These factors were determined by cali-
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bration with rare gas plasmdsand approach a factor of 16 tions is CF, . With a measured flux equal to 30% of the total

for the largest mass ion observed,Fg at 119 u. ion current, CE is also the principal ion fragment produced
For total ion current measurementgge., all ion current  fom the dissociative ionization of ;12 Jayaraman,

passing through the sampling orificéhe ion optic elements  \1cGrath, and Hebn8report a flux of CF five times higher

at the front of the ion energy analyzer are biased such thahap that of the next most abundant ion. In contrast, we ob-

the current passing through t.he §ampliqg orifice is coI[ecte erve that the intensities of CRand CE are nearly half that

on the extractor elemergthe first ion optic element behind of CFST. Surprisingly, the second highest intensity in Fig.

the electrode surfageand is measured using an electrom-2 a) is at mass 28 u, which can be attributed to the combined
eter. The electrometer registers a small residual current ev%ﬁ ' .
ux of CO* and Si". Both CO" and Si' are secondary ions

when the discharge is off; this is subtracted from all ion . . T
currents measured from the discharge. (ions not produced by dissociative ionization of the parent

The total ion current is partitioned into mass channeld29 resulting from quartz etching and subsequent ion-
according to the mass spectrum of ions. The absolute intersurface and ion-molecule interactions occurring within the

sities of the measured IEDs are then determined by scalingfactor- 3 .
the measured values of the ion current for the appropriate The isotopes of silicon have much higher abundances than

mass channel to the total ion current. The ion flux densitie$n0Se of either carbon or oxygen. Consequently, the isotopic
presented here are derived by dividing the total measured iodbundance ratios of Si can be used to determine the contri-

current by the area of the 1@m-diam sampling hole. bution of28Si* to the measured flux of 28 u ion fragments. If
one assumes that the fluxes of 29 and 30 u ion fragments are
IIl. RESULTS AND DISCUSSION entirely due t?°Si* and3°Si*, respectively, the contribution

of %Si" to the measured flux of 28 u ion fragments is
A. CoFe roughly half, with the remainder of the flux attributable to
Figure 2a) shows a mass spectrum of the ions produced30+- A similar analysis was performed for the measured
in a pure GF4 discharge at 1.33 PA0 mTor) and 200 W. fluxes of ions having masses corresponding ta, SiFhese
Similar to the observations of Jayaraman, McGrath, andluxes consist primarily of SiF rather than COF species.
Hebnef and Li et al,® the dominant ion under these condi- The presence of substantial fractions of ions containing Si
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Fic. 2. (a) Mass spectrum of ions striking the lower electrode of the GEC 0 10 20 30 0 10 20 30
cell in a GFg discharge at 1.33 RA0 mTorp and(b) the mass analyzed ion
flux striking the lower electrode as a function of discharge pressure. Dis- lon energy (eV)

charge power is maintained at 200 W. o . . )
Fic. 3. Energy distributions of the three dominant ions produced in pure

C,Fs and c-C,Fg discharges at 0.67, 1.33, and 2.66 (a 10, and 20
mTorr). The legend applies to all panels. Discharge power is maintained at
has similarly been observed in discharges containingCF 200 W.
and in discharges containing CHE This is an important
observation for discharge modeling and validation. Based on

isotope analysis, the other significant ions from pukgC pure GFg discharges is shown in Fig(l®. The magnitude

discharges in order of decreasing abundance arg CF, , of the total ion flux more than doubles from 0.67 to 2.66 Pa
SiF; and SiF which combined comprise nearly 50% of the (5-20 mTorj. While the fluxes of the atomic ions decrease
total ion current. significantly in this range, the GFflux rises dramatically,

It is worth mentioning that Jayaraman, McGrath, andincreasing by almost a factor of five. The fact that the; CF
Hebnef detected ions having masses corresponding to Siflux is such a strongly increasing function of gas pressure
and SiF from their GFg discharges with significantly lower suggests that in addition to electron-impact ionization of
relative abundances. This is interesting considering the fad@,Fg, reactions between ions and eithesg or dissociation
that bare and resist-covered Si wafers were present in thefragments may be important mechanisms contributing to
discharges, which would suggest a ready source of Si atom&F; production in these discharges. Little is known about
The differences in relative abundances of the various ionsuch ion-molecule reactions, however.
could be attributed to fundamental differences in the plasma The energy distributions of three significant ions in pure
conditions due to the absence of a wafer in our experiment<,Fg discharges at 0.67, 1.33, and 2.66 (8a 10, and 20
Another explanation, however, is differences caused by thenTorr) are shown in the first column of Fig. 3. At the lowest
dissimilar ion sampling geometries. Whereas we extracte@ressure studied, the IEDs are fairly narrow, with approxi-
ions through an orifice in the grounded lower electrode, Jamately the same width and peak position. A small peak is
yaraman, McGrath, and Heb#axtracted ions from the side also present near 0 eV, however, in the energy distributions
of the GEC cell between the lower electrode and the bottonof CF§ . The fact that this low-energy peak appears only for
of the quartz annulus. In the latter experimental configuraspecific ionic species implies that an ion dependent process
tion, the probe tip of the mass spectrometer is separated frosuch as charge-exchange production of slow ions near the
the plasma by a relatively thick diffusion layer through sampling orifice is responsible. At 1.33 PE) mTor, the
which the primary ions must travel before detection. ThusEDs are significantly broader and exhibit a readily seen
they have a large probability of undergoing ion-moleculesplitting indicative of increased rf modulation of the ions’
reactions, which may influence the relative abundances aénergy as they are accelerated across the plasma shéath.
the detected ions. If the ion transit time through the sheath is sufficiently short

The relative ion composition as a function of pressure incompared to the rf period, then the ion energy averaged over
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10° F—T—"—T——T T T T A similar analysis of the flux intensities of the ions contain-
Fsitcot  CF' (@) 1 ing isotopes of Si indicates the contribution §8i* to the

N CF,’ R ] measured flux of 28 u ion fragments is approximately half,
10'EF € SE* CFs SiE* . with the remainder of the measured flux similarly attribut-
E | W . 3 ] able to CO'. The fluxes of ions having masses correspond-
. SiF, C.F, ] ing to SiF, are nearly entirely attributable to SiFspecies
rather than to COF species. It is interesting to note that the

relative intensities of gF, and GF< , which are the princi-
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| || | ] C,Fs,'® represent only a few percent of the total reactive ion
80 100 120 140 composition, suggesting a high degree of dissociation of the
parent gas within the discharge.
Figure 4b) shows the relative ion composition as a func-
tion of pressure in pure-C,Fg discharges. The magnitude of
L the total ion flux, as well as the fluxes of all significant ionic
3 total 3 species except GF, decreases from 0.67 to 2.66 Pa-20
[ c ] mTorr). With the exception of CF, the relative abundances
10° :‘\. o 4 of the principal ions do not change significantly as a function
F F' ] of pressure in these discharges. The relative increase of the
A0 \ $I'1CO" 4 CF; flux with increasing pressure again suggests a partial
10°F CF" 3 contribution to this species from ion-molecule reactions. As
i CF,’ ] with discharges sustained in purgRg, substantial fluxes of
102k L ions not formed by electron-impact ionization of the parent
E L . L . L  — gas are likewise present in pureC,Fg discharges. The com-
bined Si"/CO" flux is consistently the second highest ob-
Pressure (Pa) served.
) L The energy distributions of three principal ions in pare
Coll na 133 P410 mTor o.Cyfy discharge anth) the mass anayzed ion _ CaFs discharges at 0.67, 1.33, and 2.66 (8 10, and 20
flux striking the lower electrode as a function of discharge pressure. DismTorr) are shown in the second column of Fig. 3. The aver-
charge power is maintained at 200 W. age plasma potential, which corresponds to the mean of the
IEDs, is slightly higher in pure-C,Fg discharges than in
pure GFg discharges for similar discharge conditions. At
an rf cycle becomes strongly modulated. The increase of .67 Pa(5 mTorn, the IEDs are comparatively broaderdn
modulation with pressure can be attributed to the decrease @4F8 discharges' with an asymmetric saddle structure bare|y
the ground sheath capacitance resulting from a more corfesolved. Both of these characteristics become more pro-
fined plasma as the pressure increases. At 2.66(2Ba nounced with increasing pressure, mirroring the pressure de-
mTorr), the IEDs are even broader, and are distinctly bimopendence of the IEDs observed in purggdischarges. The
dal in shape. increase in rf sheath modulation as pressure increases can be
The appearance of mass-dependent structure in the energimilarly ascribed to a more confined plasma lowering the
distributions illustrates the importance of measuring IEDsground sheath capacitance. The extent to which the IEDs are
when determining relative ion flux intensities with the type proadened is mass dependent, with the lightest ions the most
of instrument used in this study. Under conditions such agffected by the rf modulation of plasma potential. The
ours, relative ion intensity measurements that utilize simpléyroader and more structured IEDs observed in @@ Fg
mass scans will be affected by the energy setting of the entischarges compared to those observed in puss @is-
ergy analyzer. The measuring and integrating of 1EDs ischarges likely result from higher rates of electron attachment
critical in determining accurate relative ion flux intensities. |eading to a more confined plasma. Electron attachmeat to
During the course of these experiments, care was taken whem,F, occurs both at lower energies and with a significantly
determining relative ion flux intensities to sample ions atjarger cross section compared teFg.” In addition, the rela-
energies corresponding to the means of the IEDs. tive intensities of the low-energy peaks seen in;Cénd
CF" IEDs are higher inc-C,Fg discharges, indicating in-
creased charge-exchange production of these ions.

B. c-C,Fg

A mass spectrum of the ions produced in a pcH@€,Fg
discharge at 1.33 PA0 mTorp and 200 W is shown in Fig.
4(a). Constituting nearly 35% of the total ion flux, CF The mass analyzed ion flux from discharges containing
dominates the ion spectrum under these conditions. Othararying proportions of gFg andc-C4Fg with Ar is shown in
significant ions present include 'SiCO", CF; , and CE , Fig. 5. Although the Af intensity sharply decreases with the
which combined account for almost 40% of the ion currentreduction of Ar supplied to the plasma, the relative fluxes of

C. Ar:.C,F¢ and Ar: c-C,Fg mixtures
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Fic. 6. CH energy distribution as th@) C,Fg and(b) c-C,Fg fractions are
C4F3 (%) varied from 0% to 100%. The balance of the feed gas is Ar. Discharge
pressure and power are 1.33 @8 mTor) and 200 W, respectively.
Fic. 5. () Mass analyzed ion flux striking the lower electrode of the GEC
cell as the(a) C,Fg and (b) c-C,Fg fractions are varied from 0% to 100%.
The balance of the feed gas is Ar. Discharge pressure and power are 1.33

+ 16 H
(10 mTor) and 200 W, respectively. The legend applies to both graphs. ﬁﬁ’ to ¢-C,Fg, ™ represent only a small fraction of the reac

tive ion composition in 50% Ar:50%-C,Fg discharges.

all other significant ions in these discharges are largely unlV- SUMMARY

affected by the corresponding increase in the concentration Several ionic species with significant intensities were ob-
of fluorocarbon gas in the feed mixture. The decrease in theerved in discharges containingfg andc-C,Fg. The domi-
total ion current in both Ar:gFg and Arc-C,Fg discharges nant ion is not always the principal ion resulting from
with increasing fluorocarbon concentration is likely due toelectron-impact ionization of the feed gas, particularly in dis-
reduced plasma densities resulting from increasing electrocharges containing-C,Fg, suggesting a large degree of dis-
attachment to the fluorocarbon gases and their dissociatiasociation. lons resulting from erosion of the quartz coupling
products. CE energy distributions measured for these dis-window and confinement ring constitute significant fractions
charge conditions are shown in Fig. 6. As the proportion ofof the reactive ion composition for these plasmas, under
either GFg or c-C,Fg supplied to the plasma increases, thesome conditions comprising nearly 40% of the measured ion
IEDs widen and begin to exhibit bimodal splitting. Further- current. The CE flux rises dramatically as a function of
more, in Ar:GFg discharges, the average plasma potentiapressure in pure £&¢ discharges, contributing to an overall
noticeably increases with the,E; fraction. It is unclear why increase in ion current under these circumstances. For all
a similar increase is not observed in &C,Fg discharges.  other discharges studied, the THlux displays a much
The mass analyzed ion flux as a function of pressure foweaker dependence on discharge pressure, and the total ion
discharges containing equal mixtures of eithef=LCor c-  flux decreases at elevated pressures as might be expected
C4Fg with Ar is shown in Fig. 7. For both gas mixtures, the from a reduction of electron temperature at higher collisional
total ion flux decreases with increasing pressure. The refrequencies. Although the Arflux displays a dependence on
duced ion flux at larger pressures may result from a reductiothe Ar fraction in the feed gas supply, the relative abun-
of electron temperature or increased electron attachment dwances of the remainder of the reactive ion composition in
to increased collisions. Only at the lowest pressure studied idischarges sustained in mixtures of eithgFgor c-C,Fg are
Ar* the dominant ion in 50% Ar:50% 4E discharges. In mostly unaffected by changes in the gas mixture.
50% Ar:50%c-C,Fg discharges, CF rather than Af is the Depending on the discharge conditions, the ion energy
dominant ion. Similar to discharges sustained in pu@Fg,  distributions vary from fairly narrow and single peaked to
C,F, and GFZ , the principal products of the dissociative very broad and bimodally structured, the latter being indica-
ionization of c-C4Fg and dissociative charge transfer from tive of parasitic capacitive coupling modulating the ions’ en-
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10' F— T r T T 3 comparatively broader and more highly bimodal IEDs. The
F D\D\D (a) 3 dependence of the IEDs on discharge conditions illustrates
[ o total ] the importance of measuring IEDs in determining relative
10°F X mc 3 ion flux intensities, since the relative ion flux intensities will
1 L 3 depend on the energy of the ions sampled if the IEDs have
[ 4 Fi o] mass-dependent structure such as those observed in these
10" F : ziF{co 3 experiments.
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