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Gas mixtures containing-C,Fg/Ar are commonly used for the plasma etching of dielectric
materials such as SHO To quantify the dependence of fundamental plasma parameters of systems
using these mixtures, inductively coupled plasmas in the pressure range of 6—20 mTorr, with and
without magnetic confinement, were investigated. Measurements were also made in pure Ar and O
to provide a comparison baseline. We found that use of magnetic confinement strongly influences
the total ion flux, ion composition, and ion energy distributions in these discharges. Magnetic
confinement increases the ion saturation current density, as measured with a Langmuir probe, most
effectively at the lowest pressure examined HérmTorr. The increase in current density generally
decreases as the pressure increases. Mass spectroscopic measurements of the ion flux showed that
the CF" ion flux dominates in gFg discharges, both with and without magnetic confinement. When

Ar is added to GFg discharges with magnetic confinement, the;Gihd CF ion fluxes increase,

and CF; becomes the dominant fluorocarbon ion. The ion energy distributions with and without
magnetic field indicate that the plasma potential is generally lower for the magnetically confined
discharges, although these trends are not monotonic when dilugiRgv@th Ar. Etching rates of

SiO,, Si, and photoresist are higher with magnetic confinement, while etching yields are lower. The
chemical compositions of passively deposited fluorocarbon films on Si, as measured by x-ray
photoemission spectroscopy, differ little with and without magnetic confinement for varying
C,Fg/Ar gas compositions. €004 American Vacuum SocietyDOI: 10.1116/1.1697482

[. INTRODUCTION are to quantify the consequences of magnetic confinement on
plasma composition and etching characteristics of
Fluorocarbon plasmas are extensively used for etching of-C,Fg/Ar. '
semiconductor materials and dielectrics for microelectronics The ion saturation current density, ion composition, ion
fabrication. Both capacitively coupled and inductively energy distributions, and ion flux were measured in ICPs
Coup|ed p|asmaQCP§ are used for etching1 very often us- from 6 to 20 mTorr with and without magnetic confinement

ing static magnetic fields to optimize the composition, magdn Pure GFg and GFg/Ar mixtures. The ion saturation cur-
nitude, and uniformity of the reactive fluxes to the rent density was measured with a Langmuir probe. The com-

substraté=® The mechanisms responsible for the control ofPosItion and energy of the ion flux were measured using a

these parameters as the magnetic field is varied are not we(f mbined ion energy analyzer-mass spectrorfﬁejcérthat
b 9 samples ions through an orifice. Etching rates of Si ang SiO

under;tood. !n tlh.is regard, we have utilized an ICP reactot, ...\ ooc red using real-time ellipsometry. X-ray photo-
for which a S|g.n|f|ca-nt datgbase on flgorocgrbon plasma andission spectroscopiXPS) was performed with partially
surface chemistry is available, to investigate the consegtched samples of Si and Si@ determine the composition
quences of magnetic confinement on gas phase and surfaggthe fluorocarbon overlayer. In a companion articlee-
processe&?*ICPs have been extensively studied for plasmasults from computer modeling studies of these systems will
etching processes because of their ability to produce higbe discussed. The experimental apparatus and procedures are
plasma densities>1x 10t cm™2). Magnetic confinement discussed in Sec. Il. The results of our investigation of prop-
of ICPs has under select conditions been able to increase tigties of ICPs with and without magnetic field are discussed
magnitude and uniformity of the plasma and ion flux at lowin Sec. lll. Our concluding remarks are in Sec. IV.

operating pressurés*1213The goals of this investigation
II. DESCRIPTION OF EXPERIMENTAL

. MEASUREMENTS

Electronic mail: lixi@glue.umd.edu . .

BEjectronic mail: oehr|%in@g|ue_umd_edu ' The ICP rgactor useq in these experlments 'has'been pre-
9Electronic mail: mk@uiuc.ed viously described, and is shown schematically in Fig®.
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= was installed around the electrostatic chuck on which the
a) wafer is located. The eight samarium-cobalt permanent mag-
nets are arranged in axially aligned rows with alternating

polarity. The permanent magnets, 5 cm tall, 2.5 cm wide, and

) 1.25 cm deep, produced a magnetic fiel@000 G at their

Coil surface. The field strength was about 500 G near the wall of

[] [1 [1 the confinement ring, and rapidly fell off toward the center of
i the 125 mm diameter Si wafer. The field decreased to 16 G at

2 - the edge of the wafer and 0.5 G at the center of the wafer, as
g Plasma Ton Sampling shown in Fig. 1c). Experiments performed without magnetic
g Probe confinement used the same confinement ring, but the mag-

| nets were removed.
Networ lon saturation current measurements were performed with
a cylindrical Langmuir probe. The probe tip was biased to
@ —100 V to prevent deposition of fluorocarbon films on the

s

metal surface and to ensure that the probe was operating in
the ion saturation regime. lon compositional analysis was
performed using a quadrupole mass spectromepins).2
lons were sampled through a 1@n-diam orifice in a 2.5-
pm-thick nickel foil spot welded into a small counterbore
located near the edge of the wafer. From experience we
found that the 1Qum orifice enables more accurate measure-
ments of relative ion flux intensities than larger orifi¢&80
um). lon energy distribution§lEDs) were measured using a
45° electrostatic energy analyzer followed by mass filtering
using the QMS. The IEDs measured in this manner are es-
sentially ion-flux energy distributior’$.

Ellipsometry was used to measure fluorocarbon deposi-
tion rates, thin film etching rates, and to characterize the
modification of surface layers of Si. Thin film samples of
SiO,, polycrystalline silicon, and photoresist were placed at
s the center of the wafer and were monitored usingrasitu
<3 T . T T He—Ne (632.8 nm rotating compensator ellipsometer in a

polarizer-compensator-sample-analyzer configurdtion.
1oor \ ] Surface chemical composition of passively deposited
n

T 46 0.5

ID: 230 mm
Unit: Gauss

120

fluorocarbon filmgthat is, without an applied substrate bias
and of partially etched crystalline silicon samples were mea-
sured using XPS. After plasma processing, the samples were
transferred to a Vacuum Generators ESCA Mk Il analysis
chamber. Photoelectrons were emitted using a non-
monochromatized Ml a x-ray source(1253.6 eV. Survey
spectra and high resolution spectra of €)(,1Si(2p), F(1s),
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0 20 40 60 80 100 120 and O(Js) electron emission were obtained for two emission
Magnetic-Field Radial Distribution (mm) angles, 70° and 0°, with respect to the sample normal, and 20
%) eV pass energy.

Fic. 1. Experimental apparatuga) Schematic of magnetically enhanced
inductively coupled plasma reactor. The location of the magnets used fo

confinement and the location of the ion sampling system used for the anal 1. PLASMA AND SURFACE PROPERTIES FOR

sis of the ion flux are indicatedb) Top view of the arrangement of the ICPS SUSTAINED IN c¢-C4Fg/Ar
permanent magnetéc) The magnetic flux intensity as a function of radial

position. The location of the wafer in the ICP reactor is indicated. In this section, results from our parametric investigation

of plasma properties of ICPs sustained in Ary,, Gand

C,Fg/Ar mixtures with and without static magnetic fields are
The reactor is powered at 13.56 MHz by a planar, three turpresented. We found that magnetic confinement generally in-
coil set on top of a quartz window. Gas is injected throughcreases ion fluxes near the substrate and favors generation of
nozzles located below the window and is pumped at the badewer molecular weight fluorocarbon species. Although etch-
of the electrostatic chuck. The plasma is mechanically coning rates also increase with magnetic confinement, the com-
fined using an anodized aluminum cylinder. For the experiposition of passively deposited fluorccarbon films changes
ments discussed here, an axially symmetric magnet holddittle.
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Fic. 2. Pressure during plasma processing as a function of rf power for fixed 07400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
pump speed with and without magnetic confinement. The gas flow was se rf Power (W)

to obtain 6 mTorr pressure without a plasma.

Fic. 3. lon current density in Ar, © and GFg plasmas as a function of rf
power obtained using a Langmuir probe. Discharges with and without mag-
netic field at 6 mTorr pressure were examined at the wafer center and the

position where the ion compositional analysis was performed. The increase
The most fundamental of all properties of these dis-in ion current density with magnetic confinement is generally larger at the
. . . . c]enter of the wafer.
charges, at least in terms of radical generation, is the rate 0

dissociation. An indication of the efficiency of dissociation is

the increase in gas pressure when the plasma is ignited. Fefeased from 26 to 32 mA/dwith magnetic field confine-
example, the gas flow rate was fixed at 40 sccm and th?nent, whereas, for a C,Fg plasma was 7 mA/cfwithout
pump speed was selected to maintain a pressure of 6 MTofl e magnetic field and 15 mA/Gwith. The enhancement of
without a plasma. A plasma was then produced in differenj _\yith magnetic confinement decreased as the pressure was
gas mixtures while varying ICP poweéno substrate bias  jncreased. For examplé, for 20 mTorr Ar plasmas was
The resulting gas pressures with the plasma on are shown sentially the same with and without confinement. This re-
Fig. 2. At low power and large mole fractions ohRs, the gt implies that magnetic confinement can effectively be
pressure increases, and more so with magnetic confinemenjse to increase the ion current density at low pressure but
The pressure change fogkg/Ar which is highly diluted by hat the configuration employed here is not useful for that

Ar is nominal with or without the magnets. These resultsyhose at higher pressures. For this reason, in the following,
imply a higher rate of dissociation in magnetically confinedye i |imit our discussion to results obtained at 6 mTorr
plasmas. There is a counterintuitive drop in pressure withyaggyre.

magnets at high power, the total pressure decreasing to be- | contrast to the values df, measured at center of the
low 6 mTorr. We attribute this pressure decrease to & MOrGater, the ion current densities with and without magnetic
rapid deposition rate and enhanced polymerization of theqnfinement were similar for all gas mixtures at the edge of
fluorocarbon species on the internal reactor surfaces, therel)s discharge where the aperture of the ion sampling system
depleting the gas phase. Apparently, both molecular dissocigyas |ocated. In general the more electronegative discharges
tion of gas _phase species at low source power anc_j surf_aqf'ad a larger fractional increase in saturation current at the
polymerization at high source power are more effective withcenier of the wafer. These trends are demonstrated in Fig. 4
magnetic confinement. _ “wherel, is shown as a function of Ar dilution in fEg. In

For G,Fg/Ar=10/90 discharges the change in pressure iy re GF, at the center of the wafer, there is a 100% increase
small for all conditions, a consequence of the low fractional, crrent with the magnetic field whereas in pure Ar, the
contribution of the dissociation of £ to the total gas den- jhcrease is 30%. The differences are small at the edge of the
sity. The pressure is slightly higher with magnetic confine-reactor. The results imply that the influence of the magnetic
ment, which can be explained by enhanced rates of dissocigp|q is not only to increase the ion flux but to redistribute the
tion of C;Fs. plasma within the reactor, producing larger relative increases
in plasma density in the center of the reactor than in the
periphery. These trends are discussed in the following and in
the companion modeling article.

A. Fractional dissociation

B. lon saturation currents

lon saturation current densitiels,, for Ar, O,, and GFg
plasmas as a function of rf source power with and withoutC | i q
magnetic fields at 6 mTorr are shown in Fig. 3. The tip of the™ on composition and energy
Langmuir probe was about 7 mm above the center of the lon bombardment plays a key role in the etching of SiO
wafer. | increased linearly with power with and without the and Si and for the deposition of fluorocarbon films. Knowl-
magnetic fields, and a highéf was obtained with magnetic edge of the identity, energy, and flux of the bombarding ions
confinement. For instance, for a 600 W Ar dischafgén-  is required to optimize the fluorocarbon etching and deposi-
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Fic. 4. lon current density in {Fg/Ar plasmas as a function of gas com- Fic. 6. Integrated Af (a) and G (b) ion fluxes as a function of rf power for
position. Discharges with and without magnetic field produced at 6 mTorr6 mTorr Ar and Q discharges with and without magnetic confinement.
pressure using 600 W rf power were examinedaatthe wafer center and Linear increases in ion flux with rf power are obtained in all cases.

(b) the ion sampling position. Although the ion current density increased

with Ar addition in both cases, the magnetic field was more effective at . L
increasing the ion current at the center of the wafer. these measurements. The decrease in plasma potential is at-

tributed to a decrease in transverse electron mobility across

magnetic field lines, which decreases the ambipolar electric
tion processes. IEDs for Ar(mass peak 40 AMYand O fields required to equilibrate electron and ion fluxes leaving
are shown in Fig. 5 with and without magnetic fields at 6the plasma.
mTorr, 600 W and a gas flow rate of 40 sccm. The IEDs shift The integrated peak intensities of the"Aion fluxes in Ar
to lower energy with magnetic confinement for both caseplasmas and Dion fluxes in Q plasmas as a function of rf
due to a reduction in the plasma potential. The ion flux at 6source power with and without magnetic confinement are
mTorr is larger with magnetic confinement, but at highershown in Fig. 6. The pressure is 6 mTorr and a total gas flow
pressures this is not the case. Results from the model indicate 40 sccm. The integrated ion flux increases with rf source
that the electron temperature does not change in proportiopower for both cases. The ion flux is higher with magnetic
to the factor of 2 decrease in plasma potential implied byconfinement for all powers. The relative increase in ion flux
with rf power is essentially the same for Ar with and without
magnetic confinement. In{plasmas, the increase is propor-
tionally smaller with magnetic confinement.

+
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The dependence of the composition of the total ion flux in
C,Fg and GFg/Ar plasmas on operating parameters is com-
plex. Optimizing the mass fraction of the ion flux is impor-
tant in obtaining selective fluorocarbon deposition and,SiO
or Si etching. For example, ion mass spectra are shown in
Fig. 7(a) for a pure GFg discharge with and without mag-
netic confinement at 6 mTorr and 600 W rf power. Similar to
the finding of Goyetteet al,'® the dominant ion for these
discharge conditions is CFboth with and without magnetic
confinement, with CF and CF being the second and third
most abundant. Although £, , C;F- , F*, C,, and G
have significant fluxes in magnetically confined discharges,
the GF, and GF. fluxes are smaller than operating without
magnetic confinement. Heavier ions such g{Cand GF,
contribute a proportionally larger ion flux without magnetic
confinement whereas'G F", and G fluxes are proportion-

Fic. 5. lon energy distributionsn for Arand G in Ar and O, discharges : ; : ot
produced at 6 mTorr using 600 W rf power with and without magnetic ally larger with magnetic confinement. Although quantitative

confinement. The decrease in the peak of the IEDs implies a decrease HENAS are difficult to discern, magneFiC Conf_inemem pro-
plasma potential with magnetic confinement. duces ion fluxes of lower molecular weight, which is consis-
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and (b) without magnetic confinement. The discharges were produced at 6
Ton Mass (amu) mTorr using 600 W rf power.
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— Ar/CF =N (same mass peakC; and SiF or COF" (same mass peak
: (°K, 3 Other significant contributions to the total ion flux are due to
C*, Sit/CO", SiF'/COF", C,F; , and GF. . An analysis
of the intensities of the fluxes of ions containing isotopes of
T E Si indicates that the contribution of ‘Sito the ion flux at
CF/’ mass 28 is approximately half, with the remainder attribut-
| I CF; i able to CO .*® The fluxes of ions having masses correspond-
] ing to SiF; are nearly entirely attributable to SiFspecies
rather than to COF.*° The relative intensities of £, and
10°F E CsF4 , which are the principal electron-impact dissociative
) ionization products ot-C,Fg,%° represent only a few per-
C o CF, cent of the total reactive ion composition, suggesting a high
S E degree of dissociation of the parent gas within the discharge.
o The loss of GF, and GF. for magnetically enhanced dis-
L I © | CF* charges is consistent with an overall increase of the degree of
F L I A dissociation with the magnetic field.
b) 0 50 100 150 200 lon fluxes as a function of Ar addition with and without
Ion Mass (amu) magnetic confinement are shown in Fig. 8 for 6 mTorr and
600 W. CF', CF, , and CE contribute a higher percentage
pane) and without magnetic confinemefiower panel and (b) a CyFa /Ar to th.e total ion f.qu with magnepc gonflnemeft at elthei low
~10/90 discharge withiupper paneland without(lower panel magnetic O high Ar fractions. The contributions of,€, and GFs
confinement. The conditions are 6 mTorr pressure and 600 W rf power. are larger without magnetic confinement. Both*Aand the
total ion flux increase with Ar addition. The CFion flux
increases slightly as 20% Ar is added and then decreases
tent with measurements of higher plasma density and largequickly, both with and without magnetic confinement. The
rates of dissociation. CF, and CK ion fluxes change only slightly with Ar addi-
When Ar is added to a magnetically confinedFg dis-  tion. The fluxes of heavy ions such asFg, C,F, , and
charge, the CF ion flux increases, the GFion flux de- CsF2 decrease with Ar addition for both cases. With mag-
creases slightly, and the CHon flux decreases. On the other netic confinement, the Tand G ion fluxes decrease with
hand, for discharges without magnetic confinement thé,CF Ar addition. Without magnetic confinement, thg @n flux
CF, , and CF fluxes all decrease as Ar is added tgFg. initially increases up to 20% Ar and then decreases with
For example, the mass spectra of ions in a AFG=90/10 further addition. Without confinement the*Gon flux in-
discharge with and without magnetic confinement at 6 mToricreases with Ar addition up to 60% Ar and then decreases.
pressure and 600 W rf power are shown in Fi¢h)7With Many of these resulté.e., decrease in (,,) can be ex-
magnetic confinement, the dominant ion is*Arand the plained simply by the lower mole fraction of,E; with Ar
dominant fluorocarbon ions are §FCF, , and CF. Other  dilution. The nearly constant fluxes of ¢Fand CF , and
ions producing significant ion fluxes include"Sor CO* the marked increase in"Cand F~ as the mole fraction of

Relative Ion Flux

COF"

—
(=]

S

10

L CF,

Fic. 7. Mass spectra of ions frorfa) a pure GFg discharge with(upper
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0.15 _—B=O Ar/C4F8=9/1 % 1 function of the percent Ar added to,E; discharges.
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and 600 W ICP power with and without magnetic confine-
Ion Energy (eV) ment. With magnetic confinement, the IED becomes signifi-

cantly wider when a rf bias is applied whereas there is little

Fic. 9. lon energy distributions of CF, CF, , and CE obtained with(d  increase wherB=0. These results imply that the sheath is

C,Fg and (b) (a), C4,Fg/Ar=90/10 discharges with magnetic confinement thinner and has a Iarger rf amplitude with confinement as a
and (a) C4Fg and (b) (a), C4Fg/Ar=90/10 discharges without magnetic

confinement. The plasmas were produced at 6 mTorr using 600 W rf powef.:onseqyence of the Iarger eIeCtrqn denS|ty'
The integrated ion fluxes and ion energy peak as a func-

tion of rf bias power at 6 mTorr and 600 W source power are
C,Fg decrease indicates that thgRg is more efficiently dis-  shown in Fig. 12 for CF. The energy of the IEDs increases
sociated with Ar addition, which would be consistent with in a characteristic fashion as a function of rf bias power, and
the increase in plasma density. The rapid decrease in aflan be understood in terms of a superposition of the rf bias
C,F. ions and particularly CF, with confinement is also on the plasma potential. The low-energy part of the IED
likely attributable to more efficient dissociation at the higherremains almost unchanged, whereas the high-energy part in-
plasma density. creases with bias power. Thapparention fluxes increase

lon energy distributions for CF CF;, and CE for  with bias power with magnetic confinement, but decrease
C,Fs and Ar/G,F;=90/10 with and without magnetic con- without magnetic confinement for the same conditions. This
finement are shown in Fig. 9. For purgRg, the IEDs are is counterintuitive based on other trends but may reflect a
fairly wide and exhibit bimodal splitting without magnetic change in the efficiency of collecting ions.
confinement. The smaller mass ion (QFhas a wider ion
energy distribution. The IEDs with confinement are shifted to
lower energy and show bimodal structure. The bimodal dis-
tributions without confinement indicate a greater degree of
capacitive coupling, which could be partly explained by the
lower plasma density. The decrease in ion energy with con-
finement may reflect a decrease in plasma potential both due
to a decrease in electron mobility, and the decrease in capaci-
tive coupling.

The shifts in plasma potential implied by those IEDs have
different trends when adding Ar with and without confine-
ment. For example, the energy of the peak of the" Giad
CF, IEDs with and without magnetic confinement is shown
in Fig. 10 as a function of Ar addition. The IEDs shift to
higher energy with Ar addition with magnetic confinement
and decrease without confinement. These results imply an

Ion Energy Distribution (a.u.)

increase in plasma potential with confinement and a decrease O R

; 0 10 20 30 40
without.

When a rf bias was applied to the chuck, a different be- Ton Energy (eV)

havior was observed for IEDs with and without magnetic. . 1. \cbs for CF and GF: at 0 and 150 W rf bias for a pure,Es

Confinement- IEDs for CF are shown in Fig. 1®) for0and  gischarge produced at 6 mTorr using 600 W rf inductive power with and
150 W rf bias power for a pure &5 discharge at 6 mTorr without magnetic confinement.
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D. Modeling results

A computational investigation of plasma properties in
ICPs sustained irc-C4Fg and GFg/Ar=10/90 with and
without permanent magnets was conducted to provide addi-
tional insight to the experimental results. The simulations
were performed using Hybrid Plasma Equipment Model
(HPEM) which is described in the companion article, as is  (¢)
the reaction mechanisf.The source functions for electron
impact reactions and transport coefficients in the HPEM are 12
calculated using either electron Monte Carlo simulations 10
(EMCY) or solving electron energy equation coupled to the ¢ 8
Boltzmann equation. In this investigation the EMCS was =
used for all cases to properly address nonequilibrium elec-
tron transport in an ICP when the skin layer is anomalous. 4

The electron density and densities of; , CF, , F~ for
ICPs sustained ile-C4Fg with and without magnets for the
base case conditiorf6 mTorr, 600 W, 13.56 MHz, 40 scom 10 3 0
are shown in Fig. 13. In Figs. 13 and 14 data presented on (d) Radius (cm)
the l_eft_hand Sld,e are Wlt_hOUt magn.etlc cqnflnement, and OB 13. Predicted plasma parameters in ICPs sustaineeGpFg with and
the right-hand side are with magnetic confinement. The peagithout magnets for the base case conditihsTorr, 600 W, 13.56 MHz,
in the electron density, which also coincides with the peak o0 sccm. (a) [e], (b) [C,F; 1, (¢) [CF;], and (d) [F]. The increased
electric potential, occurs in the center of the reactor for thedensity of light ions for ICP with magnets is due to the decreased ambipolar
ICP without magnets. The electron density peaks at the edgf%lej‘t:rt]glc J:zcciﬂzi a consequence of decreased electric mobility in the azi-
of the skin depth(about 2 cm for the ICP with magnets '
implying that the volumetric loss rate of electrons exceeds
the loss rate of electrons on the walls. Also, the permanertansport is weakly affected by the magnetic fields. In con-
magnets produce an electron density which is more confinettast, the density of CF peaks in the middle of the skin
in the radial direction. The end result is a layer of morelayer, where the rate of electron impact dissociative ioniza-
uniform plasma density in the vicinity of the substrate and, intion of C,F, peaks and it is 50%—60% larger for the ICP
particularly, at the location of the probe. with magnets. These trends can be explained as follows. The

[C,F; ] has a maximum near the peak of the electrondrift of ions is not directly affected by the magnetic field as
density due to its drift in the ambipolar electric field. Its the Larmor radii of ions are a few centimeters long even near
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Fic. 14. Predicted plasma parameters in ICPs sustained io-8tFg
=90/10 with and without magnets for the base case conditi@nse], (b)
[Ar*], (c) [CF;], and (d) [F]. lon densities of light ions in Ar/gFg
plasma are less affected by magnets in comparison to @@g-g plasma.
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fluxes of the mobile light ions largely determine the net ion
current. The peak ofF ] is 30% smaller than that di]
indicating that these plasmas are only mildly electro-
negative. Although F is not a direct product of electron
impact reactions involving-C,Fg, it is the dominant nega-
tive ion in c-C,Fg plasmas due to both electron impact reac-
tions with CFK, and charge exchange reactions witfFg.

The electron, Af, CF, , and F densities for ICPs sus-
tained in Ark-C,Fg=90/10 with and without magnets for
the base case conditions are shown in Fig. 14. The addition
of argon substantially increases the electron density in ICPs
relative to purec-C,Fg plasmas. Similar to thes-C,Fg
plasma the peak electron density is only marginally larger
with magnets and the increase [@] near the walls is less
pronounced. The consequences of magnets on the density of
light fluorocarbon ions in A-C,Fg plasmas are also less
severe relative t@-C,Fg plasmas. For example, the density
of CF, for ICPs with magnets is only 20% larger than that
for ICPs without magnets at the plasma probe posifién.]
is the largest in the center of the reactor due to a more highly
peaked plasma potential and rapid rate of recombination re-
actions with Af".

When the skin layer is anomalous in ICPs, power deposi-
tion can be both positive and negatieThis affects results
from electrons which have mean free paths larger than the
skin depth as these electrons create sheets of current which
are in phase or dephased with the electric field. Electrons,
which oscillate in phase with the rf electric field, extract net
positive power from the electric field as in classical colli-
sional systems. The electrons, which are dephased, perform
work on the electric fieldnegative power depositiprand,
on average, are cooler. Positive and negative power deposi-
tion in ICPs sustained in ActC,Fg=90/10 with and with-
out magnets for the base case conditions are shown in Fig.
15. Without magnets power is largely deposited within the
classical electromagnetic skin layer. Beyond the classical
skin depth, alternating regions of negative and positive
power deposition result from the noncollisional transport of
electrons. With magnets the resulting tensor conductivity re-
duces the electron mobility in the azimuthal direction,
thereby increasing the skin depth, as well as generating large
E, component of the electric field in the bulk plasma as
shown in Fig. 15. The end result is that the positive power
deposition is extended deeper into the plasma, thereby in-
creasing the plasma density in the middle of the reactor and
increasing the plasma density closer to the substrate. Nega-
tive power deposition still occurs immediately below the
positive power deposition at the edge of extended skin layer.

E. Etching rates for SiO , and Si

the peak of the field. Electrons, being substantially lighter SiO, etch rates as a function of rf bias voltage for pure
than ions, drift slower toward the walls with magnets due toC,Fg plasmas with and without magnetic confinement are
their decreased cross field mobility. The end result is a deshown in Fig. 16. A slightly higher threshold bias voltage for
crease in the plasma potential and a decrease in the flux &0, etching to commence with magnetic confinement is
light ions due to the smaller ambipolar electric field. Theconsistent with the observation that the increased plasma
predicted increase in the density of light ions is consistentensity produces a slightly higher zero bias fluorocarbon
with an increase in the experimental ion saturation current adeposition rate. In other experiments we found that the fluo-
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10_4 10.3 10.2 -10-1- 4x100 Fic. 16. SiG etching rates as a function of rf bias voltage for a pus€C
P 3 plasma with and without magnetic confinement. Results for discharges pro-
ower (Wfem™) duced at 6 mTorr pressure using either 600 W or 1400 W rf power are

shown.

2.5 and 4 with Ar addition both with and without magnetic
fields. The SiQ/Si selectivity more systematically increases
with Ar addition from 4.5 to 7. Selectivity is slightly higher
without magnetic field.

F. Surface properties

The steady-state fluorocarbon film thicknesses on a Si
substrate for steady-state etching conditions as a function of
Ar addition are shown in Fig. 18. The experimental condi-

Radius (cm)

G B B R tions are 6 mTorr, 600 W, and a self-bias 600 V. The
5x102 2x103 100  4x100 10! steady-state films thickness is basically the same with and
Eg (V/cm) without magnetic confinement and increases with Ar addi-

tion. The increase in polymer thickness slows down the Si
Fic. 15. Power deposition anB, in ICP sustained in Ad-C,Fg=90/10 etch rate and increases the §f@i selectivity for these
with and without magnets for the base case conditi@s$?ower deposition
and (b) E, for ICPs with magnets extend deeper into the plasma due to the

reduced mobility of electrons in the azimuthal direction

O ——
6005 " " B#0 \o\o Si0,]
rocarbon film deposition rate was higher with a magnetic 400 | B=0 O— N ]
. . . . . —0-0.
field (400 nm/min than without(280 nm/min. These differ- [j/D—D/D 9\6 1
ences reverse at higher bias voltage indicating less fluorocar- —_ 200 [ ]
bon film sputtering, without the magnetic field. g 0 @

The SiG, Si and resist etching rates as a function of Ar E 160} O Si ]
addition to GFg with and without magnetic confinement at a é 1200/ Oﬁ& .
constant self-bias of 100 V are shown in Fig. 17. The other > 80k o \O\O i
parameters were 6 mTorr pressure and 600 W inductive g  m—uo" —0-70-g

- . 40 N A
power. As the gas composition was changed, the rf bias ~ L(b) 0
power was varied to maintain the self-bias-0100 V. Up to S 308 - T
80% Ar, the etching rates of all materials are higher with m - O/O\O Resist |
magnetic confinement than without. These trends appear to 200(5/ BF0 -0 \O\ .
reverse at higher Ar fractions. The higher etching rates with [ S ;Dhu Q ]
a magnetic field can be attributed to the higher ion current 100[5,/‘ \DXB |
densities observed for these conditions. The ratios of the 0 ©, . . L
etching rates with and without magnetic fields appear consis- 0 20 40 60 80 100
tent with their ion current densities. 9% Ar Additive

The ratios of etch rates for S}@Si and SiQ/photoresist _ _ ) _ _
for the conditions of Fig. 17 are rather close with and with-7'®: 17- Comparisons of etching rates(ef Si0, (b) Si, and(c) photoresist
as a function of Ar added to /&5 discharges produced at 6 mTorr pressure

out magr_1etic field. The Se|eCtiV_ity for SjQwith re'?peCt 10 using 600 W rf power with and without magnetic confinement. The rf am-
photoresist shows no systematic trends, fluctuating betwegsitude of the bias was adjusted to maintain a self-bias- &0 V.
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5 . . . . the major differences in the spectra are due to changes in gas
.74::. composition. These results are consistent with the results of
.4' _ the ellipsometry measuremen(sig. 18. The XPS spectra
/ show more highly fluorinated surfaces inFg. With Ar ad-
39 B=0 - dition, the CF, and CF, peaks decrease while C&nd C-Si
increase. These trends are consistent with there being, on
2l | average, more fragmentation of,kg with Ar addition, pro-
ducing smaller GF,, fragments interacting with the surface.
6 mTorr With a bias, fragmentation of surface groups or sputtering is

600 W more likely at more fluorinated sites.
v, =100V

O 20 a0 60 80 100 IV. CONCLUDING REMARKS

% Arin Ar/C F, Plasma properties were measured in ICPs sustained in Ar,
0O, and GFg and Ar/GFg with and without magnetic con-
F'Gt- 18. Cotf_“Pa”Sf(_’” of StfidY'Sta/t: ﬁ"?(s)/;h(;c';f‘eshses on Si ‘gith fz‘j”dtWGithfinement. We found that the magnetic configuration used in
B oo dachges proskoed LS our syste can effectively increase the o crrent densiy at
of the bias was adjusted to maintain a self-bias-d00 V. low pressure(6 mTorn as well as influencing the ion flux,
ion composition, and ion energies incident on the substrate.
In C,Fg, ICPs we find that CF is the dominant ion both
COﬂditiOﬂS].'o These results are somewhat counterintuitive asyith and without magnetic confinement. When Ar is added to
with the increase in ion flux and decrease in fluorocarbory C,Fg discharge with magnetic confinement, the ;C&nd
fluxes obtained with Ar addition one would expect a decreasgF} ion fluxes increase, and §Fbecomes the dominant
in polymer deposition and an increase in polymer sputteringlyorocarbon ion at 90% Ar. As Ar is added to,G, the
Both of these trends should decrease the polymer thicknes§eaks of the energy of the IEDs of the individual ions also
The fact that the pOlymer thickness increases indicates th@‘hange, a|th0ugh the Sign of the Change depends on whether
the change of the composition of the ion and radical flux isthe discharge is magnetically confined or not. The IEDs shift
more conducive to polymer deposition. to higher energy with magnetic confinement as the amount of
XPS analysis was performed on fluorocarbon films deposar in C,F/Ar is increased. Without magnetic confinement,
ited with and without a rf bias for samples prepared in purghe |EDs are centered at much higher energies for pure
C,Fg and Ar/GFg=90/10 plasmas at 6 mTorr, 600 W induc- c,F,, but shift to lower energy as the amount of Ar in
tive power, and—100 V self-bias voltage. High-resolution c,F;/Ar is raised. These changes can be explained by shifts
C1s electron emission spectra obtained with and withoutp, the plasma potential. Etching rates of $iC8i, and resist
magnetic confinement are shown in Fig. 19. The results wittyre higher for magnetically confined discharges, but the ion
and without magnetic confinement are nearly identical, angtching yields are generally lower. Although the etching rates
are larger, the ratios of etch rates for $iGi and SiQ/resist
B#0 B=0 are nearly unchanged for our conditions. Surface analysis

—

Steady-State Film Thickness (nm)
£
(=)

. —r shows only minor differences in fluorocarbon film composi-
(@ (©) tion with and without magnetic confinement, and demon-
—_ strate that the gas mixture and changes in ion energy by the
g g: rf bias effeclts are dominant in determining the surface
= C-CF /C-O CF CF, C-CF/C-O CFCF, | compositior?
= C-C/Si-C CF, C-C/Sij/%m
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