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Magnetically enhanced, capacitively coupled radio frequency plasma sources are finding continued
use for etching of materials for microelectronics fabrication. MERtRagnetically enhanced
reactive ion etchingsources typically use magnetic fields of tens to hundreds of gauss parallel to the
substrate to either increase the plasma density at a given pressure or to lower the operating pressure.
The use of MERIEs for etching of dielectric materials, such as, Si@ten involves the use of
complex gas mixtures, such as Ajfg/O,/CO. In this paper results from a two-dimensional
hybrid-fluid computational investigation of MERIE reactors operating in such mixtures are
discussed. Fluxes and energy distributions for ions incident on the wafer are discussed for an
industrially relevant geometry. The reduction in transverse electron mobility as the magnetic field
increases produces a decrease in the sheath electric fields and a decrease in thébdcdiang

more positive at large magnetic fields thereby decreasing ion energies and increasing the angular
spread of ions. These trends affect heavier ions more acutely than lighter ions. Subtle variations in
the electrical geometrical layout of the reactor significantly affect the spatial uniformity of ion
energy distributions. €2004 American Institute of Physic§DOI: 10.1063/1.163364G1

I. INTRODUCTION in the dc bias contributes to a decrease in ion energies inci-
dent onto the substrate and a broadening of the ion angular

Magnetically enhanced capacitively coupled radio fre-" .~ =~ = " o .
quency(rf) plasma sources have been developed for the higH|str|but|ons. As the magnetic field increases and electron
mobility decreases the proportion of the rf cycle during

plasma density etching and sputtering of materials for micro- " . . - .
electronics fabrication; and are often called MERHag- which the sheath potential is at its minimum value increases

netically enhanced reactive ion etch)n@actorsl‘BA typi- and in some cases the electric field reverses. This trend con-

cal MERIE reactor is a parallel plate device operating at ter]gributes to decreasing the energy of the ion flux incident onto
to hundreds mTorr of gas pressure and of a few to tens otpe substrate. . .
MHz excitation frequency. A static magnetic field, often ro- . MER”_E react_ors are often used for the etc_h|3ng of dielec-
tating to smooth out inhomogeneities, is usually applied parIrIC materials using ﬂuoroc_arbon gas mixtutés™ For ex-
allel to the electrodes with the goal of increasing the plasm&MPI€, gas mixtures containing ArC,Fg/0O,/CO are used
density for a given power deposition by reducing the rate of @' the etching of Si@ in both MERIE and inductively
loss of charged particles. The properties of magnetically encouPled systemS.”** The purpose of these complex gas
hanced capacitively coupled rf discharges sustained in Ar fofiXtures is to optimize the fluxes of material removing and
an industrially relevant MERIE configuration were recently POlymMerizing species to the substrate in order to obtain the
computationally investigated in Pape? Investigations into preferential selectivity of etching a smg_le material or to con-
the operating characteristics of laboratory and commercidf©! the shape of the etch feature. In this paper, we report on
MERIE reactor& ®1%-15were also reviewed in Paper . a computatlongl |nve§t|gat|qn of a MERIE sustained in
In the study discussed in Paper | we found that as thé\/¢-CaFs/O; in an industrially relevant geometry. We
magnetic field increased the dc bias decredbedame more found that similar to the pure argon discharge, the reduction
positive), the plasma density became localized near the pow!"" €r0Ss field electron mobility with increasing magnetic field

ered electrode, and there was a reversal of the electric field jroduces a reduction in, and possibly reversal of, the electric
the powered sheath. These trends, also predicted btyeld in the sheath, which reduces in energy and broadens in

Meyyappan®” were attributed to the reduction in cross angle the ion flux incident on the wafer. Lighter ions are less
magnetic field mobility of electrons resulting in a more re-Sensitive to these trends as heavy ions are more likely to
sistive plasma and more current being carried by ions. Th&ample the sheath during its reversal. Subtle variations in the
ranges of secondary electrons emitted by surfaces and accé&l€ctrical boundaries of the reactor perturb the sheath and

erated by the sheaths were similarly decreased. The decred<d Produce radially nonuniform ion energy distributions in-
cident onto the substrate. lons of different masses have en-

ergy distributions with different radial dependencies as they
dpresent address: CFD Research Corporation, 215 Wynn Drive, Huntsvillq,espond to the perturbed sheath differently
AL 35805; electronic mail: avv@cfdrc.com . . o .
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mjk@uiuc.edu Parametric results from our investigation of properties of
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Ar/C4Fg/0, plasmas sustained in a MERIE are presented inucts of dissociative ionization of f£g. The cross sections
Sec. lll. Concluding remarks are in Sec. IV. obtained by Toyodat al.and Jiacet al. are consistent within
the uncertainty of measurements and we chose to use Jiao’s
cross sections. The branching ratios for dissociative excita-
tion of C,Fg into neutral fragments have not been studied in
detail. Following modeling studies by Foet al?® and Rauf

The model used in this investigation is a fluid hydrody-and Ventzek® we assumed that
namics simulation augmented by a Monte Carlo simulation
(MCS) for secondary electrons. The model is the same as

that used in Paper | where the simulation is described ifis the major branching. This choice is consistent with data
detail. Briefly, continuity, momentum, and energy equationsayajlable for thermal and multiphoton dissociation of
for neutrals and ions; continuity and energy equations foic,F, 3435Mass spectrometry measurements for electron im-
electrons and Poisson’s equation for the electric potential argact dissociation of gFg indicate branching to CF, GF
integrated in time to obtain a periOdiC Steady state. The reCFa, CGFS radica|s3.2 These processes were not included in
sulting electric fields and ion fluxes to surfaces are periodithe mechanism since their cross sections are at least an order
cally transferred to the MCS where the transport of secondmagnitude less than the total dissociation cross section at

ary electrons emitted from surfaces is addressed. Electroghergies below about 50 é¥.Subsequent improvements to
impact source functions and sources of secondary electrafie model will include these branchings.

current obtained from the MCS are returned to the fluid  pye to the large ionization and neutral dissociation cross

model. The process is iterated to convergence. Following thgections of GFg one can expect an abundance ofFCin
last iteration, the converged electric fields and source funce,F, plasmas. The important electron impagFg processes
tions for ions and neutrals are recorded as a function of poncjude elastic collisions, vibrational excitations, dissocia-
sition and phase in the rf cycle. With these values, the energyon, and ionization. The cross sections of these processes
and angular distributions of ions and neutrals incident on thgyere largely obtained from Refs. 36 and 37. Attachment was
substrate are obtained using a heavy particle MCS mOdU'*hegIected since its branching is negligibly snifIVibra-
and this module is also described in detail in Paper I. tional excitation cross sections ofE, were analytically rep-

A reaction mechanism was developed for plasmas susesented using an approach similar to that used % C
tained in gas mixtures initially consisting of arbitrary mole Since Ck is the most likely product channel in,E,
fractions of Ark-C,4Fg/0,/CO. (c-C4Fg will be referred to  thermal dissociation reaction, we assumed that the major

as simply GFg herein) This mechanism is described in de- pranching for electron impact dissociation ofFg is®*
tail in Ref. 24, and so will be only briefly discussed here. The

limited electron impact cross-section data for the fluorocar- e+ C,F,—CF,+CF,+e. (2
bon species were collected and synthesized. Rate coefficients , . . L
for gas phase chemistry were taken from independent studi¢s0ther possible branching for,€, dissociation is
in the literature or estimated from measurements for related e+C,F,— CF5+CF+e. 3)
species. In general, our approach was to include only the
major species that influence plasma properties and reactaAtthough this channel was neglected in our primary reaction
fluxes in order to minimize computational time. Since themechanism, this is a likely reaction to refine the mechanism
computational time is less sensitive to the number of reacwhen additional experimental data became available.
tions, our mechanism is more exhaustive in that regard. Spe- A subset of the rate coefficients for neutral heavy par-
cial care was taken to avoid so-called terminal species, whicticle reactions included in the mechanism was estimated. A
are produced but not consumed in the mechanism. major class of such rate constants is for deactivation &f Ar
The electron impact cross sections foyFg were as- by fluorocarbon radicals. A second class is for associative
sembled using a combination of calculatidié® mass spec- reactions of CE radicals, F+CF,+M—CF,,;+M. As
trometry measurement$and swarnti.e., electron transport these latter reactions are not terribly important at the pressure
coefficien) analysis?® partially reviewed in Ref. 28. For ex- of interest(tens of mTory uncertainty in their values is not
ample, time-of-flight mass spectrometry and laser photodeeritical.
tachment measurements indicate that the major negative ion lon—neutral reactions were classified as exothermic re-
formed by dissociative attachment to,Kg is F. The  actions, which occur independent of ion energy, and endot-
branchings to other negative ions such ag CE,F; , C3Fg hermic reactions that typically have energy defects of a few
were observed to be lower and they are not included in theV. The exothermic processes include the vast majority of
model?®~3Vibrational excitation is the most important & reactions that occur at all locations in the plasma. The endot-
inelastic process below about 10 eV. Consequently, the prdiermic reactions mostly occur in the sheath, where ions are
portion of power that is channeled into vibrational excita-accelerated to energies in excess of the energy defect. Since
tions is significant. We developed analytical expressions fofor our conditions the sheath is at best mildly collisional,
the GFg vibrational cross sections derived from swarm datathese latter processes were neglected. lon—molecule reac-
so that these approximations could be more generally usedions with many fluorocarbon feedstock gases and their frag-
Using mass spectrometry Toyodtal >? and Jiacet al?’  ments are often dissociative. For examplé Aas an ioniza-
detected GF, , CsF- , CF;, CF", CF, as the major prod- tion potential 15.8 eV sufficient to produce dissociative

II. DESCRIPTION OF THE MODEL AND REACTION
MECHANISM

e+ C4F8—>C2F4+ C2F4+e (1)
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ionization of GFg having a threshold of 11.5 eV, and most J T J ' ! !
energetically allowed processes were included.

Electron—ion and ion—ion reactions were included in the B © Exp. (Ref. 41)
mechanism as they determine the importance of volumetric — Model
loss of ions compared to diffusion to the walls. Since nega-
tive ions are generally lost only in the volume, these rates
directly determine the negative ion density. The major class
of estimated reactions here is ion—ion neutralization reac-
tions as neither products of recombination nor reaction rates
of these reactions are typically known. These reactions are
fast as typical rate constants are 1@m’> s~ 1. We estimated
the rates of these reactions to be smaller for heavy ions and
larger for lighter ions as the rate coefficient approximately
scales ag. ™ %°, whereu is the reduced mass of the colliding 2 L 4
ions383° Another important class of estimated reactions is
dissociative electron—ion recombination, whose rate coeffi-
cient is typically in the range of 10/T%?cm® s™*, whereT, (a) 0
is in eV

Validation of the reaction mechanism is discussed in de-
tail in Ref. 24. An example of the validation process is
shown in Fig. 1 for two systems. The first system is an in-
ductively coupled plasmdCP) sustained in ¢Fg or Ar at 10
mTorr, flow rate of 40 sccm, and plasma volume of 2.4 I.
Comparisons with experiment are shown for ion saturation
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current as a function of power in Fig(a.?** Quantitative &

agreement for both &5 and Ar are obtained, showing larger g 10 |

plasma densities in the less collisional Ar system. As the ion 2 .

saturation current depends weakly on the mass of the ion, 2

this compariso_n provides more secure vaIidaf[ion of the tptal -% Exp. (Ref. 42)

rate of ionization and losses than the details of reactions E | ® c+ CF* CFy*, CF3* \

between species.

The second example of validation, shown in Figo)1lis 1
comparison of mass spectroscopic measurements from a ca 1
pacitively coupled discharge sustained in Afffg mixtures  — Model
at 50 mTorr, 34 W, and 5 sccfapproximateg} 1 s residence A . . . .
tir.ne).42 The fraction of light ions.(C, CF', CFgf_) increafes (b) 0.0 0.2 04 06 0.8 10
with Ar dilution while the fraction of heavy ions (£, , Ar/(Ar+C F)

C,FZ , CsF2) decreasesThe balance of the ions is Ar) 48
These trends result from the larger fractional dissociation ofiG. 1. Examples of validation of the reaction mechaninlon saturation
the GFg with Ar dilution. For example, light ions are domi- currents for Ar and ¢Fg inductively couples plasmad0 mTor as a func-
nated by CE at low Ar dilution and CF at high Ar dilution. t:g: of z?welri dﬁpos;gﬁgEx?g”giTﬂ ;’“é'?")"’e f;’g Rer:é )jfb) Fr;”(‘)cr;s

T_o_ optam agreement WI'Fh experiments for densmes_ oftcﬂ CF: '%3%) foracapaémvel’y Cgu’pleg dischargs0 mTOVz’ 34W,
specific ions, some calibration of the reaction mechanisn s residence timeas a function of Ar dilution in an Ar/gF, mixture.
described in Ref. 24 was required. In particular, the rate coExperimental results are from Ref. 42. The balance of ions ate)Afwo
efficients for charge exchange of Amwith CF, radials and reSl_JItS are shown for light ions where the sticking coefficients foy CF
CF; with C,F, were decreased by factors of 2—5. Thesg'adicals are(1) 0.001 and2) 0.01.
adjustments, however, were highly dependent on the surface
reaction mechanism. For example, the fraction of light ions
are shown for two assumptions for the sticking coefficients
of CF, on all surfaces, 0.001 and 0.01. The ion fractions are,
in some cases, more sensitive to uncertainties in these valuee

W CoF4*, CoFst, CaFs*

of sticking coefficient than in the gas phase reaction coeffi- o Shower Head B-Field
Cients. E Conductive Wafer

62 ]

wol Powered Substrate l77 )

Fi Ring 1 Focus Ring
Ill. PLASMA PROPERTIES IN MERIE REACTORS 0 s Pump
0 10 20
The model reactor used in this study, shown schemati- RADIUSIcm)

cally in Fig- 2, i§ patterned after plasma sources that ar@|g. 2. schematic of the MERIE geometry used in this study. The magnetic
commercially available. The metal substrate is powered at 16eld is purely radial.
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FIG. 3. Time averaged plasma parameters for the base(t&86@ W, 40  FIG. 4. Time averaged densities of selected ions for the basg(1586 W,
mTorr with a flow rate of 215 sccm in the ratio of AYE/O, 40 mTorr with a flow rate of 215 sccm in the ratio of Apig/O,
=200/10/5, 100 & (a) Electron temperaturdb) electron density(c) ion- =200/10/5, 100 & (a) Ar', (b) C,F; , (c) CF; and(d) O, . The spatial
ization source by bulk electrons, aitd) ionization source by beam elec- distributions of ions are determined by their ionization mechanisms. lon

trons. Only the portion of the reactor between the electrodes is shown as tl"f@rmation mechanisms which are dominated by primary processes are local-
plasma does not significantly extend outwards. lonization is dominated bysed near the substrate.

beam electrons as the low mobility of bulk electrons constrains their extent.

MHz through a blocking capacitor. A conductive Si wafer Ar discharge where there is considerable lateral extension of
(7=0.01K2cm), 20 cm in diameter, sits in electrical contact 1€ Blasma.The density of a selection of positive ions (Ar
with the powered substrate which is surrounded by a Si rind2Fa » CFs » and Q) are shown in Fig. 4 and the density of
(focus ring 1,e/e,=12.5,0-=10"%/Q cm) and dielectric fo- & Selection of neutral radicals (¢FCF, F, and Qis shown

cus ring(focus ring 2,e/ e,=8.0, o =10"°/Q cm). All other in Fig. 5. lon fluxes to the substrate as a function of radius
surfaces in the reactor are grounded metal including th&'® Shown in Fig. 6. As in the case of the pure(see Paper
showerhead, which extends to a radius of 10 cm, and the

annular pump port. The base case operating conditions are 40

mTorr with a flow rate of 215 sccm in the ratio of CF, [max =4.7x 10" cm”)

Ar/C4Fg/0,=200/10/5, chosen as being similar to industrial § 4 E=5=, 7 <
processes, and 1500 W total power deposition. The rf bias £ , 200 _— 0 1i 07
amplitude is 512 V and the dc bias #5115 V. In this and 2 —22240 ‘ |

other cases the rf amplitude was varied to obtain the desire¢®
power.

As this is a two-dimensional, cylindrically symmetric R — ‘
simulation, we are unable to address the true asymmetrie! 12, ' N L L (
and cross-wafer magnetic fields of industrial devices. As an - [ ,
approximation to these fields, we specified that the magnetic(b F[1.3x10" cm™]
field be purely radial and parallel to the electrodes. As ex-
plained in Paper I, although this magnetic field is unphysical
atr=0, it is the configuration which best captures, within
available computing resources, the behavior produced by —
asymmetric cross wafer magnetic fields. Olmax=48x10 cm7]

Plasma parameters for the base case conditions are i )5 £ 5
Fig. 3 where the electron temperatufk,), electron density 53530 : g
([e]), electron sources from electron impact by bulk elec- 22
trons, and electron sources from electron impact by second” ¢ 5 Ragusom ° 15
ary electrons are show(The plasma is fairly well confined
between the electrodes and does not appreciably extend inkd>- 5- Time avgraged densities of selected rgdicals for_ the basel&ie
the volume aboye the pump port. Therefore_ only the regio_r){zv’zggﬂg;;r;ggtg ?a)ﬂgv,:vz ’raz; 87:2(;5 F??nrg(g)‘ ct)heT;ZtlngIieﬁ Ecﬁt/r?bzu-
of the reactor directly above the substrate is shown in thigons of radicals is determined by whether their formation is dominated by
and the following figures. This situation differs from the pure wall or bulk reactions.

CF [max=1.5x10" cm™]

~ Height (cm)
N w £

Height (cm)
N w ES

Height (cm)

N W A
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FIG. 6. lon fluxes to the substrate as a function of radius for the base case 02 (sccm)

conditions(1500 W, 40 mTorr with a flow rate of 215 sccm in the ratio of .

Ar/C,Fg/O,=200/10/5, 100 G (a) lon fluxes and(b) radical fluxes. Re- FIG. 7 lon fluxes to the center of the \_N_afer as a functl_on(a)fpower

sults for two branchings for electron impact dissociation g Care shown ~ deposition andb) O, flow rate. The conditions are otherwise the same as

for the radical fluxes. the base case. Over the range of powers investigated, the relative mole
fractions of ions do not appreciably change.

I), To peaks in and near the sheath with little extension into

the bulk plasma. This is a consequence of the low cross fieltbnization by beam, sheath accelerated electrons extends
mobility of electrons in the axial direction in the 100 G mag- across the gap and dominates the source of ionization. The
netic field.(The Larmor radius of electrons for these condi-initial electron beam energy is, on averayg,— V. [(time
tions is~0.6 mm) The electron mobility is unhindered par- averaged plasma poteniat(dc biag] which, in this case, is
allel to the magnetic field, and so the region of high electrorl90 eV. The maximum beam ener@yeak of the cathodic
temperature extends laterally across the focus rings. Theycle) is 575 eV. These energies provide sufficient penetra-
electron temperature actually peaks above the focus rings,ten distance and large enough Larmor radius to cross the
situation that will be discussed in the following. gap.

SinceT, is highly peaked toward the substrate, the elec- The major positive ions have densities of 1
tron ionization source by bulk electrons is also highly con-x 10 cm™2 (see Fig. 4 The spatial distribution of ions in
fined near the substrate. There is little ionization by bulkpart indicates their formation mechanisnik this discus-
electrons in the middle of the gap. This differs markedlysion, primary ionization processes refer to direct electron im-
from the argon only case where significant bulk ionizationpact on feedstock gases. Secondary ionization processes refer
extended into the gap. The difference here is that excitetb electron impact on dissociation products of feedstock
states of argon, principally Ar@), are less likely to be ex- gases, by charge exchange or Penning processes, hav-
cited and are quenched by collisions with molecular speciesng the highest ionization potential, has only primary ioniza-
In the argon only case these states are long lived, therelijon processes and is rapidly depleted by charge exchange.
providing for multistep ionization deep into the gap. TheAs a result, Af has peak densities near the sheath where the
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electron temperature and beam sources are |arg@5§ 8 which also dominate over neutralization of its ion fluxes on
formed by both primaryelectron impact on gFg) and sec- surfaces. F atoms are formed in large part by direct electron
ondary processe@®lectron impact on §F,, and charge ex- impact dissociation of fluorocarbons whose branching ratios
change from Af, O, O, and smaller CF fragments to favor higher energy electrons. We therefore find its sources
C,F,). Its density is therefore more distributed in the reactordominated by the beam electrons and its density is more
though skewed toward the region of highest ionizationdistributed. O atoms are formed in large part by dissociative
sources. CF is mostly formed only by secondary ionization excitation of G, which peaks near the lower electrode and
processes as its rate of production by dissociative ionizatioRy neytralization of O fluxes.

of C4Fg is small. The CE density t.he+refo.re.peaks c+los',e 0 The fluxes of the major ions to the substrate as a func-
the maximum in the plasma potential; Osimilar to Ar", iS40 of radius are shown in Fig.(& for the base case con-
formed dominantly by primary processes with a smaller CONYitions. The ion fluxes are dominated by Adue to both its

:{Ar\lrtiu)tl?/\r/]hiloef a?gg%r;?r?ryrap:greézdfeﬁgggg ?:)t(wz\t:agiexcft:eomm eIarge mole fraction in the gas feed and by the peak in the
’ g rapicly cep y 9 9 r* density being in close proximity to the substrate. The

O, therefore also peaks near the maximum in the ionizatim?A . . o
sources luorocarbon ion fluxes are dominated by the heavier ions.

The spatial distribution of radical densities shown in Fig. "€ ion fluxes are fairly uniform with a tendency toward
5 also reflects their origins. GFhas maxima near top and being edge high, though little attempt was made to optimize
bottom electrodes, which in part results from the large flux ofuniformities in this study. Since the uniformities of ion fluxes
CF, that is neutralized on surfaces and returns ag.(fe  are sensitive functions of geometry and materials used in
CF, has smaller sources in the bulk as a consequence of t@nstruction of the reactor, we will not comment generally
lower rate of dissociation of ££,. CF is primarily formed on them other than for brief discussion at the end of this
by secondary processes which dominate in the bulk andection.
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C,F4 is not believed to be a stable product of electronformer  branchings are based on experimental
impact ionization ofc-C,Fg as it is likely to predissociate measurementéwhereas the latter is an assumption also used
into smaller fragments in the absence of collisionalin other modeling effortd>33The final disposition of ion and
stabilization?® A form of stable GFg can, however, be radical fluxes to the substrate is sensitive to both of these
formed by charge exchange from COO* and G to  branchings and the disposition of product ions by charge
2-C,Fg.** Since the ionization potential of €5 is among exchange. For example, a sensitivity analysis was performed
the lowest of all positive ions in the mechanism it is nearlywhere the branching ratio for dissociative excitation gFg
immune from depletion by charge exchange. With its lowwas changed from GR- CF, to CH CF;, and all energeti-
mobility, it is also slow to diffuse or drift out of the plasma, cally allowed charge exchange reactions of fluorocarbon
and so any significant production,E; is likely to result in  radicals with A" were included, which required addition of
its accumulation in the discharge. As a worst case analysigharge exchange with GFand CF. The rate coefficients for
we included the charge exchange reactions from" CO" the added reactions are the same as for charge exchange of
and @ to c-C,Fg using the values measured for 2.4 Ar* with CF; to form CFj , k=7x10 °cnm®s™.* Mod-
Even in this worst case, the flux and density QJFQ: isa erate increase€%—15% in the fluxes of CFE, CF2+ , and
small fraction of the total, as shown in Fig(a@ Including CF; were produced. Fluxes of the neutral radicals CF and
charge exchange to form,E; decreases the ion fluxes of CF; were significantly increased while that for CHle-

O, by ~10% but otherwise does not significantly perturb creasedsee Fig. 6)].
the system. The ion fluxes at the center of the wafer as a function of

The major branching for electron dissociative ionizationpower deposition and £flow rate are shown in Fig. 7. The
we used for GFg is C,F,+ C,F, with minor branchings to relative fluxes of ions do not appreciably vary over the range
CsF2 , CF", CF, and CFK . The major dissociative elec- of powers investigated, with their absolute values increasing
tronic excitation branching of &, is to CK+CF,. The nearly linearly with power. With increasing flow rate of O
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FIG. 10. lon energy distributions, integrated over angle, incident on theFIG. 11. lon energy distributions, integrated over angle, incident on the
outer 4 cm radius of the wafer for 750 W but otherwise the base cas@uter 4 cm radius of the wafer for 2000 W but otherwise the base case
conditions for a selection of light and heavy iof®. 0", CF*, Ar, CF; , conditions for a selection of light and heavy iof®. 0", CF*, Ar*, CF;,

and GF{ ; and(b) F*, O , CF} , and GF; . and GFg ; and(b) F*, O; , CF; , and GF; .

there are small decreases in the fluxes of other ion fluxes As discussed in Paper I, the decrease in electron mobility
while those for Q increase. Even for the largest flow rate of due to the transverse magnetic field results in a more resis-
O, investigated here, the total mole fraction is still smalltive bulk plasma and a thickening of the sheath. At suffi-
(<8%). These relatively low @ mole fractions, choices ciently large magnetic fields>150 G the mobility of the
based on industrially used gas mixtures, are used to miniighter positive ions may exceed the transverse mobility of
mize the amount of erosion of the photoresist mask anelectrons. The end result is that the time during the rf cycle
depletion of polymer layers by oxygen radicals. that the sheath at the powered electrode is at its minimum
The ion energy and angular distributiofi€ADs) of a  potential, during which electron current is collected, is pro-
selection of light and heavy ions are shown in Fig. 8 for 750gressively longer as the magnetic field increases. These
W and in Fig. 9 for 2000 W but otherwise for the base casdrends are shown in Fig. 12 where the plasma potential as a
conditions. The ions are incident on the outer 4 cm of thefunction of height(radius of 5 cm is plotted at different
wafer. The ion energy distributiondEDs) integrated over times during the rf cycle foB fields of 50, 100, and 250 G.
angle for a wider selection of ions are shown in Figs. 10 andAt sufficiently large magnetic fields, the sheath switches
11. The rf voltage amplitude was varied to obtain the citedfrom being electron repelling and positive ion attracting dur-
powers. The rf voltage amplitude was 409With a dc bias ing the cathodic part of the cycle to electron attracting and
of —69 V) for 750 W and 582 Mdc bias—141 V) for 2000  positive ion repelling during the anodic part of the cycle. In
W. The IEADs have the characteristic two-peak distributionconventional RIE systems, the sheath is usually positive ion
commonly found in rf biased systerfrs*® Heavier ions have attracting(or at best not repellingduring the entire rf period.
narrow IEADs in energy and broader IEADs in angle, a con-With the reduced electron mobility at high magnetic fields,
sequence of their longer crossing time across the sheath amtsufficient electron current is collected with the conven-
their likelihood for being more collisional. The IEADs differ tional sheath structure. The reversal of the sheath occurs
from those obtained in conventional RIE systems primarilywhile the plasma becomes more resistive and more voltage is
at lower energies. Note that for most ions, there is a “foot” dropped across the bulk plasma. The smaller electric fields in
to the IEAD extending to lower energies. the sheaths or, at higher magnetic fields, the reversal of elec-
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400 paring the IEADs for 750 and 2000 W, we find a proportion-
ally larger low energy component at the lower power for the
heavier ions. We found that the electric field in the bulk
plasma is nearly independent of power for a given magnetic
field. Therefore, at lower powers a larger fraction of the ap-
plied voltage is dropped across the bulk plasma. As the
power and rf voltage are increased, the fraction of the ap-
plied voltage which is dropped across the sheath increases
thereby enabling more efficient ion acceleration. This occurs
while the fraction of the rf cycle when the sheath is at its
minimum value(or reversegito collect electron current also
decreases, thereby reducing the propensity for deceleration
50 G and broadening of the IEAD.
-600L—x! 1 1 1 These trends are further illustrated by the IEADs shown
(@) 25 30 35 4.0 in Fig. 13 for O" (a light ion) and GF; (a heavy ion for
Height (cm) magnetic fields of 100, 200, and 250 G. The rf voltage am-
' ' ' ' plitude and dc bias for these cases [@&2 V,—116 V]; [538
V,—25 V]; and[569 V,—21 V] respectively. As discussed in
Paper |, as the magnetic field increases, the dc bias decreases
(becomes more positiyas the mobility of the electrons de-
creases relative to that of the ions and the plasma is more
confined above the electrodes. On the other hand, the rf volt-
age amplitude increases as the plasma becomes more resis-
tive. A measure of the average ion energy for heavy ions is
the difference between the time averaged plasma potential
and the dc substrate potentid,— V.. In spite of the rf
amplitude increasing with increasiifield, the decrease in
dc bias(more positiveé and the decreas@r reversal of the
' . sheath electric fields produce valueswgf— V. of 189, 109,
25 3.0 35 4.0 and 93 V for the 100, 200 and 250 G cases. As a conse-
(b) Height (cm) guence, the IEADs both decrease in energy and broaden in
angle. The effects are particularly severe for the heavier ions.
At least a portion of the ion flux for lighter ions is able to
transition through the sheath during that portion of the rf
cycle when the electric field in the sheath is not at its mini-
1 mum value(or reversefl All heavy ions, however, experi-
ence the reversal of the electric fields in the sheath as their
residence times in the sheath are many rf cycles. As a result,
their IEADs broaden more severely.
-200 A Although the intent of this study was not to optimize
geometries for uniformity, a flaw in our initial reactor design
provides insights to the potential sources of nonuniformities
in IEADs. As the rates of surface reactions for endothermic
250G processes are sensitive to the energy of the incident*fons,
-600E_ i i '0 nonuniformities in the IEADs as well as the magnitude of the
(c) 2.5 3f?eight (%,?1) 4. fluxes are of concern in optimizing etch uniformity. For ex-
ample, the IEDs for a light (O) and heavy (GF,) ion are
FIG. 12. Plasma potential as a function of height at a radius of 5 cm ashown in Fig. 14a) for ions incident at the center of the
oo s e a1 b 20 iy et (nner 3.2 o fedsand on he edge of the wate
a flow rate of 215 sccm in the ratio of Ar,{63/02=200/'10/5). With in- (outer 1.8 cm r.adIL)Sfor the base case conditions. In each
creasing magnetic field, the plasma becomes more resistive and the electfES€: the IED is broadened at the edge of the wafer, with
field in the sheath above the powered electric decreases or reverses. Mmore emphasis on the higher energies for the light ion and
lower energies for the heavy ions.

The source of these nonuniformities in the IEDs can be
tric fields in the sheaths, reduce the ion energies striking theraced to the proximity of the electrical ground plane under
substrates. The end results are IEADs with large, low energthe focus rings surrounding the substrate and wafer. The
components having broad angular distributions. electric potential at the peak of the anodic and cathodic

The IEADs of heavier ions at lower powers are morephases of the rf cycle are shown in Fig(d5 In this design,
susceptible to the flattening or reversal of the sheaths. Conthe ground plane extends under the focus rings, which forces

200

(=]

-200

Plasma Potential (V)

-400

400

200

Plasma Potential (V)
] Q

Piasma Potential (V)

-400

Downloaded 08 Feb 2004 to 128.174.115.149. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 95, No. 3, 1 February 2004 A. V. Vasenkov and M. J. Kushner 843

Eun I‘.l EDD 1 | | | | | EBD | | | ] ]
0 200G 250 G
500} 1 so00} 1 500} .
__ 400} 4 . 400} 4 400f ) .
3 3 -
E 300 - E 300} - 300+ e
& @
= =
W o00} 1% 200} 4 200} .
100} 1 100} 4 100} -
@% 90 5 0 5 1015 %5105 0 5 10 15 %4510 15
Angle (deg) Angle (deg) Angle (deg)
EDD T T T T T a‘D‘D T T T T T 60{} I I I 1 1
C,F; 100 G 200 G 250 G
500} : 4 500f : 4 500t -
= 4 400 : 4 400 :
3 |
= - 4 300fF -
2
= - 4 200}
- < 100F
(b) 15 U510 5 0 5 10 15 4510 5 0 5 10 15
Angle (deg) Angle (deg) Angle (deg)
MIN[0.01] SR B T AX[1.0]

IEAD - 1500 W

FIG. 13. (Color lon energy and angular distributions for magnetic fields of 100, 200, and 250 @) for and(b) C,F; . The conditions are otherwise the
same as the base cadb00 W, 40 mTorr with a flow rate of 215 sccm in the ratio of Aifig/O,=200/10/5). The IEADs of the heavier ions are more
susceptible to energy degradation and broadening as the magnetic field increases.

the applied potential to be largely dissipated through the dipotential under the focus rings is therefore driven with the
electrics. As the dielectric charge and discharge during the rfame voltage as the substrate, which stretches the potential
cycle the potential contours are warped at the edge of theontours in the radial direction, as shown in Fig(5The
wafer. The end result is a region of larger time averagednhancements in the electric field and sheath at the edge of
electric field having a thicker sheath in the vicinity of the the wafer are reduced, resulting in a more uniform sheath
edge of the wafer. For lighter ions, their traversal timeacross the wafer. The IEDs for this design at the center and
through the thicker sheath is sufficiently short that they pri-edge of the wafer for both light and heavy ions are essen-
marily gain in energy. For heavier ions, the longer residencdially the same, as shown in Fig. ). This configuration
time in the thicker sheath provides for more deceleration bydoes, however, produce a smaller rf amplitude and dc bias
the sheath reversal, creating a larger low-energy peak in th@55 and—49 V) and so the IEDs, though more uniform, are
IED, which is also broadened in energy. The larger sheatfower in energy.
electric field produced by the fringing potential is also re-
sponsible for the local peak in electron temperature.

This flaw in the design was corrected by replacing the
electrically grounded metal below the focus rings with a  The properties of an industrially relevant MERIE plasma
metal in electrical contact with the powered electrode. Thesource sustained in ArjEg/O, gas mixtures have been

IV. CONCLUDING REMARKS
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& FIG. 15. Electric potential at the peak of the anodic and cathodic phases of
o 4} ] the rf cycle for the base case conditions fay with the electrical ground
Lﬁ plane under the focus rings arid) with the powered electrode extended
c 0 . X < under the focus rings. The rf amplitude and dc bias for the grounded case are
= 100 200 300 525 and—115 V. For the powered case the values are 465-a48 V.
(a) Energy (eV)
% 8 computationally investigated using results from a two-
® dimensional plasma transport model. Trends observed for
g pure argon discharges generally apply to the more complex
5 6 gas mixtures; decreasing dc biasore positive, localization
E of plasma density near the powered electrode, and reversal of
E 4 the electric field in the powered sheath with increasing mag-
a netic field. These trends are attributed to the reduction in
P cross field mobility of electrons resulting in a more resistive
'?g 2 plasma and more current being carried by ions. The more
w complex gas mixture has a larger variety of ions incident on
5 05 the substrate having nearly an order of magnitude difference
— in molecular weight. The decreaggr reversal of the sheath
% electric fields during larger fractions of the rf cycle as the
N 20 magnetic field increases generally degrade the IEAD in en-
A ergy and broaden the angular spread. Heavier ions are more
§15 sensitive to the decreager reversal of the sheath electric
g fields as their residence time in the sheath is longer. There-
;;-,?; 10 fore heavy ions sample the weak or retarding sheath for pro-
a portionately longer times. Nonuniformities in the IEADs as a
> function of position on the wafer can be traced to details of
2 5 the design of the reactor. In particular the placement of the
Lé’ electrical ground plane can perturb sheath properties, both
o0 ) 00 150200 250 thickness and potential drop. Since ions of different mass
(b) Energy (eV) respond to these perturbations differently, the radial depen-

dencies of their IEADs are also different.
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