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Magnetically enhanced capacitively coupled plasma sources use transverse static magnetic fields to
modify the performance of low pressure radio frequency discharges. Magnetically enhanced
reactive ion etchindMERIE) sources typically use magnetic fields of tens to hundreds of Gauss
parallel to the substrate to increase the plasma density at a given pressure or to lower the operating
pressure. In this article results from a two-dimensional hybrid-fluid computational investigation of
MERIE reactors with plasmas sustained in argon are discussed for an industrially relevant geometry.
The reduction in electron cross field mobility as the magnetic field increases produces a systematic
decrease in the dc bidlsecoming more positiyeThis decrease is accompanied by a decrease in the
energy and increase in angular spread of the ion flux to the substrate. Similar trends are observed
when decreasing pressure for a constant magnetic field. Although for constant power the magnitudes
of ion fluxes to the substrate increase with moderate magnetic fields, the fluxes decreased at larger
magnetic fields. These trends are due, in part, to a reduction in the contributions of more efficient
multistep ionization. ©2003 American Institute of Physic§DOI: 10.1063/1.15878g7

I. INTRODUCTION absence of a magnetic field the dc bias was as large as 0.9 of
the amplitude of the rf bias. For a gas pressure of 3 mTorr,
Magnetically enhanced capacitively coupled radio fre-the dc bias decreasé¢decame less negativerith increasing
quency(rf) plasma sources have been developed for the highagnetic field, indicating that more current, on a relative
plasma density etching and sputtering of materials for micropasis, was being collected at the powered electrode. The
electronics fabricatiOﬁTG In this application the devices are phase ang|e between the current and Vo|tage a|So decreased
often called magnetically enhanced reactive ion etchingrom ~85° without the magnetic field to 45°—60° at 200 G,
(MERIE) reactors. A typical MERIE reactor is a parallel jngicating a more resistive plasma. These trends may be par-
plate device operating at tens to hundreds mTorr of gas pregy|ly explained by the decrease in cross field electron mobil-
sure and few to tens MHz excitation frequency. A static magity with increasing magnetic field and a larger proportion of
netic field is_ usually applied parallel to_the electrodes Withthe current being carried by ions. They also found that the
the goal of increasing the plasma density for a given powe[s density transitions to being essentially uniform across the
deposition by reducing the rate of loss of charged particlesgap without a magnetic field to being highly peaked near the
Due to the difficulty of obtaining tailored magnetic fields powered electrode as the magnetic field increases. These re-
across large wafers, MERIE reactors often use rotating statig, ;s suggest that the confinement is more effective for

magnetic fiellds to average out nonuniformities resulting fromnigher energy sheath heated or secondary electrons which are

vXB forces. The sensitivity of plasma uniformity on the |argely responsible for ionization. The decrease in dc bias
configuration of the magnetic field was demonstrated bynay partly result from localization of those ionization
Buie et al.” who correlated the uniformity of SiQetching at sources near the powered electrode.

low pressure with the gradient of the static magnetic field. 16 transition to a more resistive plasma with increases
Through experiment and modeling, Paranjgieal® showed in the magnetic field was quantified by Hutchinsenal !
that by adjusting the lateral distribution of the magnetic field,, ;. performed particle-in-cell simulations of a MERIE sus-

by use of iron field pieces, the plasma density in a MERIE5ineq in 10 mTorr Ar with a 7.5 cm gap and magnetic fields
rgactor could be controlled from being center high to edggy 9_go G. With small magnetic field40 G) the dominant
high. ) . mode of electron heating changed from stochastic to colli-
MERIE reactors have been used for microelectronicsigona| (ohmic) accompanied by a decrease in electron den-
fabrication for many years with there being few quantitativegjyy, This transition was accompanied by an increase in the
experimental or modeling studies reported in the open literag | ejectron temperature, indicating a less efficient ioniza-

9,10 :
ture. Yeomet al."™" made electric probe measurements of(i,y mechanism. At larger magnetic fields the plasma density
plasma potential and ion density in a cylindrical MERIE in @i, creased while the bulk electron temperature did not appre-

magnetron configuration sustained in argon with different di'ciably change. Avtaevat al}2 performed diagnostics of

ameter powered electrodes. Due to the large area ratio, in theer|E reactors operating in Ar and GHover a range of
pressures of 0.7-70 mTorr and magnetic field strengths of
dElectronic mail: mjk@uiuc.edu 0-200 G. For discharges in 10 mTorr Ar, the electron density
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increased roughly linearly with magnetic field, whereas thereturned to the fluid model. The process is iterated to con-
electron temperature increased from 3.2 to 5.1 eV. vergence. Although the results discussed here are for Ar plas-
Park and Kanff developed a magnetic sheath modelmas, results for more complex gas mixtures will be discussed
with which they investigated scaling laws in MERIE reac- in a subsequent publication. The description of the model is
tors. They found that in the absence of a magnetic field, théherefore presented in the context of a multicomponent gas
plasma density increased linearly with pressure over thenixture.
range of 10 mTorr—1 Torr. With magnetic fields up to 100 G,  The equations solved for neutral and ion transgoon-
plasma densities were nearly constant starting with lowetinuity, momentum and energyare
pressures until reaching the no magnetic field plasma density N
) . i N
at higher pressures. The pressure at which this match oc i _V'¢i+3_[§j: i (V- )

curred increased with increasing magnetic field, as the larger ~ Jt

collision frequency at the higher pressure competed with the

confinement provided by the decreasing Larmor radius at ap. AN,V

higher magnetic fields. o at
These trends were also observed in models and experi-

ments by Liebermaet all* Using a magnetic sheath model

coupled to a global discharge model, they found that the dc

bias decreasethecame less negativevith increasing mag-

netic field (10—100 G with the effect being most prominent - m,

at lower pressure€lO mTorp while being nominal at higher X(EHVIXB) =V~ EJ: m; +m;

pressures(100 mTor). Measurements in a commercial

MERIE reactor validated these trends. XNN;(vi=vj)vij + S 2
In this article, results of a computational investigation of

a MERIE reactor.having plasmas sustained in Ar are pre- I(Niei) =—V.RVT,—=P,V-v{—V-(N\Vig;)+qi-E

sented. Systematic trends for ion flux, electron temperature ot

and dc bias are discussed for a MERIE reactor resembling an

industrial design. For constant power, we found that the dc —(,&~Vvi)—2 KmijNjNie;

bias decreasetbecame less negativevith increasing mag- mJ

netic field in large part due to more efficient confinement of

ionization sources near the powered electrode, particularly + 2 KjiNjNjAE 1, (©)

those from to secondary electrons, and due to the decrease in mjl

electron mobility relative to the ions. The spatial distribution where, is the flux of species having density; , velocity

of the plasma is also sensitive to the magnitude of the mMag;  massam;, temperaturd; , viscosity; , pressuré®; , and
netic field, in this geometry transitioning from edge high to.,, energys;. S is the source for specieisdue to gas
center high to uniform with increasing magnetic field. lon phase collision processes; is the momentum transfer col-
fluxes to the substrate reflect the change in bias, decreasifg;o, frequency between 1speci'eandj, and i is the ther-

in energy and broadening in angle as the magnetic field g, conductivity which, in the case of charged species, has
creases. These trends also result from a reversal in the elegisor form as discussed beldwis the electric field an®

tric field in the sheath during the anodic portion of the rfjg e static applied magnetic field. Temperature jump bound-
cycle and a thickening of the sheath producing more colli-yry conditions are employed using the method described in
sional conditions for ion transport. The model used in thispef 15 Heavy particle neutral transport coefficients are de-

study is discussed in Sec. Il. Parametric results from OUfjeq from Lennard-Jones potentials, also described in Ref.
investigation of properties of argon plasmas sustained in gg

MERIE are presented in Sec. Ill. Concluding remarks are in In Eq. (1), the last term accounts for the consumption

Sec. IV. and production of species on surfaces, whgyes the coef-
ficient for production of specidsby reactions of specigson
a surface. Computationally, we assume all species are con-
sumed with unity probability on surfaces, implemented in the
The model used in this investigation is a fluid hydrody- first term of Eq.(1) by having a zero density on the surface.
namics simulation augmented by a Monte Carlo simulationf a species is unreactive it is “replaced” at the boundary by
(MCYS) for secondary electrons. Continuity, momentum andspecifying a flux returning to the plasma having the same
energy equations for neutrals and ions; continuity and energgnagnitude as incident onto the surface. For examplg,
equations for electrons and Poisson’s equation for the elec=1.0 for species having a zero reactive sticking coefficient.
tric potential are integrated in time to obtain a periodicS; contains contributions from electron impact reactions re-
steady state. The resulting electric fields and ion fluxes teulting from secondary electrons as obtained from the MCS.
surfaces are periodically transferred to the MCS where thén the case of electrons, this contribution also includes the
transport of secondary electrons emitted from surfaces is adlowing of beam electrons into the bulk distribution and so
dressed. Electron impact source functions and sources of seepresents the injected negative charge from secondary emis-
ondary electron current resulting obtained from the MCS aresion.

, @

S

——iV(kN-T»)—V-(N-v-v-)+qi—l\li
- m; it Vivi m:

II. DESCRIPTION OF THE MODEL
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In EqQ. (2), Sy is the rate of generation and loss of mo- where v, is the electronor ion) momentum transfer colli-
mentum for speciesresulting from collisions which change sion frequency.
the identity of the reactant. These are collisions other than Power transport of bulk electrons is addressed by time
elastic momentum transfer collisions which are accountedhtegration of the electron energy equation
for by the term containing;; . For example, a process pro- K
gressing at rate (1/9) which produces specieédrom species I(5NekTe(r)) =P(r)—L(T,)
j (asin a charge exchangeasS,,=rN;v; . Effects such as at €
cataphoresis are captured by the term for momentum transfer 5
between ions and neutrals. Since viscous forces are negli- — V| = pkTe— R(To) - VTo| +Peg(r),
gible for ions for our conditions, that term is not included for 2
charged species when solving Eg). Slip boundary condi- (6)

tions are émplemented using the method described Dy are 2 is the tensor thermal conductivit@ is the power
Thompsort® In that method, the velocity at and parallel toadeposition from the electrostatic fiel®gs is the power

surface is given by transferred from slowing beam electrof@d their progeny

1+ ) to the bulk distribution, and. is the power loss due to col-

upzmx (jilyp lisions. The electrostatic heating is given by collisional Joule
heatingP(r)=qe¢e- E and so ignores the stochastic compo-
where\ is the collisional mean free path ajds the fraction ~ nent. Isotropic transport coefficients and electron impact rate
of parallel velocity retained on a collision with a surface. ~ coefficients were obtained from solution of Boltzmann’s
A separate total energy for each species is tracked baséfluation using a two-term spherical harmonic expansion
on the solution of Eq(3). Our definition of total energy is approximatiort.”
the sum of directed and random translational energy. As The time rate of change in charge dengityon surfaces
such, we include power transfer by thermal conductivity,and in materials is given by
compressive heating, advective transport, Joule heating, and Ipm(t)
viscous dissipative heating for each species on an individual = =2 q(V- () -2 qj(V- (D) yi))
basis. The method for accounting for the change in enthalphy ' h s
is somewhat non-conventional, a}nd is account.ed'for. by the +[V-oV®],,, )
last two terms of Eq(3). All reactionsm of species with
speciesj having rate coefficienk,; which results in re-
moval of species$ produces a loss of total energy for species
i of &; per event. All reactionsn between specieg and |
which produce specieg including elastic collisions, pro-
vides for a unique contribution to the total energyof ,;,
per event. For example, the electron impact reactierAr
—Art+e+e makes a contribution of onlg(Ar*"), that is
the translational energy of Arand not the total change in
enthalpy difference between Ar and Abecause we track
the energy of each species separately. For reactions such as
e+ 0,— 0O+ O+e we include the translational and Frank— V-eVO(t+Al)= _(pm(t)“in: aiNi(t)
Condon heating contributions. Heavy particle chemical reac-

where® is the electric potentialg is the conductivity of a
nonplasma material, ang; is the secondary emission coef-
ficient for specieg by species. The first term applies to
only locations on surfaces in contact with the plasma while
the second term applies to points in and on nonplasma ma-
terials.

Poisson’s equation for the electric potential is solved us-
ing a modified form of the semi-implicit technique described
in Ref. 18. The potential at time+ At is obtained from

tions would include the appropriate exothermicities. Ipm(t’) ,
The electron flux is given by +At at eV de(t’)
Po=Nefic- E—Deg- Vng, (4) At di(t)
e e e_ e’ Ve _Z q;V- d’j(t)"'?# ,
wherez, andD, are the tensor mobility and diffusivity. The '
tensor forms of transport coefficientd, are derived from ®
their isotropic valuesA, by wherece is the local permittivity. The terms in E¢8) are for

the accumulation of charge on surfaces and in the bulk
_ Ao plasma at the present time, and prediction of such charges at
(a®+[BJ%) the future time.p,, andN; are evaluated at, while t’ de-
notes that densities are evaluatedtaand potentials are

p ]

2 2
a”+B; @B, +BBy —aBy+BB, evaluated at+ At, thereby providing implicitness. The im-
«| —aBs+BBy a’+ B§ aB,+B,B, , plicitness of the solution is largely achieved through the de-
—aB,+B,B, —aB,+B,B, a2+B§ pendence_ qf the electron_flux on tht_a electric potential. The
sum overj includes only ions. In prior works, the flux of
ions, on any given solution of Eq8), was given by the
- VM 5) solution of Eq.(2) from the previous time step and was held
q '’ constant during solution of Eq8). We found that for the
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magnetic fields of interest hef@00’s G, the Lorentz force

is large enough to introduce nonlinearity into the ion trans- |
port, making the constant flux assumption poor. To addressg , Conduotive Wafer .

this nonlinearity, the second term in Taylor’'s expansion for | Powered Substrate \7~ ,
the ion density was included by numerically deriving the | Foous Ring 17| Focus Ring 2
time rate of change of the ion flux. Due to short wavelength o ALY (om) 20

(high spatial frequengyproperties of Eq(8) when including

the magnetic fields, previously used iterative techniques sucHG. 1. Schematic of the MERIE geometry used in this study. The magnetic
as successive over relaxation were insufficient for its solufield is purely radial.

tion. Instead, we used an incomplét&) biconjugate gradi-

ent sparse matrix techniqd@.

Secondary electron emission from surfaces is addressegbm numbers, the collision partner is selected and the veloc-
USing the MCS. The electric fields prOduced in the fluid mOd'ity adjusted appropriate with a momentum transfer encoun-
ule are binned according to position and phase in the rfer. If the collision is identity changing, the particle is
cycle, the ion fluxes to surfaces are averaged over the femoved from the simulation. The exception is a charge ex-
cycle, and these quantities are transferred to the MCS. In thehange collision where the momentum of the incoming ion is
MCS, electron pseudoparticles are released from surfacegored for launching of a hot neutral pseudoparticle.
with an energy of 4 eV at random times during the rf cycle  The trajectories of the pseudoparticles are tracked until
and are weighted by the magnitude of the local ion flux andhey enter the presheath near a surface, and the identity of the
the secondary electron emission coefficient. The weightingurface the pseudoparticle will strike is clear. If statistics are
of each pseudoparticle has units of electrons/s. Using thgot desired for ion fluxes striking that surface, the pseudopar-
techniques described in Ref. 20, the trajectories of the segicle is removed from the simulation to avoid the computa-
ondary beam electrons and their progeny are integrated astianally expensive task of advancing the trajectory through
function of time. Pseudoparticle@nd their progenyare the sheath. Otherwise, the trajectory of the pseudoparticle is
tracked until they hit boundaries or fall below a specifiedintegrated across the sheath, binning its energy and angle
energy thereby joining the bulk electron distribution, atwhen it strikes the surface.
which time their weightings are summed in® for elec-
trons. Sampling of the trajectories and binning of the
pseudoparticles produces a time averaged, spatially depenl-_ PLASMA PROPERTIES IN MERIE REACTORS
dent electron energy distributiorf(e,r) having units of
electrons cm®eV~1. When convolved with electron impact The model reactor used in this study, shown schemati-
cross sections, source functions having units 881! are  cally in Fig. 1, is patterned after plasma sources which are
produced which then contribute & for the appropriate spe- commercially available. The metal substrate is powered at 10
cies. MHz through a blocking capacitor. A conductive Si wafer

The energy and angular distributions of ions and neutral§o=0.01£) cm), 20 cm in diameter, sits in electrical contact
incident on the substrate are obtained using a heavy particlgith the powered substrate which is surrounded by a Si ring
MCS 2! Electric fields binned by position and phase in the rf(e/e,=12.5, ¢=10"/Qcm) and dielectric focus ring
cycle are used to advance the trajectories of pseudoparticl¢s/e,=8.0, o=10" %/ cm). All other surfaces in the reac-
representing neutrals and ions. To account for generation artdr are grounded metal including the showerhead, which ex-
loss of particles, all processes which produce aniioare  tends to a radius of 10 cm, and the annular pump port. The
summed to yield a spatially dependent source funcgBgn base case operating conditions are 40 mTorr of Ar with a
Similarly, all processes which consume ibare summed to flow rate of 300 sccm. The reaction mechanism for Ar is
yield a spatially dependent sink functid®,;. The rate of discussed in Ref. 18.
elastic collisions is summed into a third source funct&p. As this is a two-dimensional, cylindrically symmetric
Finally, a null collision rateS,,; is chosen for every spatial simulation, we are unable to address the true asymmetries
location so that the total collision rate is constantSyt  and cross-wafer magnetic fields of industrial devices. As an
=S, +S5+S,;. Reactions in which species are producedapproximation to these fields, we specified that the magnetic
with unique momenta, such as charge exchange, are sep@ld be purely radial and parallel to the electrodes. Although
rately tracked. Pseudoparticles are launched at randomhis magnetic field is unphysical at=0, it is the configura-
phases in the rf cycle from spatial locations in proportionstion which best captures, within available computing re-
given by S;;. The time to the next collision is chosen by sources, the behavior produced by asymmetric cross-wafer
= (—1/Sy) In(ry), wherer is a random number distributed magnetic fields. The following test was conducted to confirm
(0,2). The trajectory of the pseudoparticle is integrated for athat the radial magnetic field does indeed capture the behav-
time 7. At the collision site, a series of random numbers isior of cross-wafer fields. Simulations were performed in a
chosen to determine the fate of the particler J&S,,;/Sy;, two-dimensional Cartesian geometry for the entire reactor. A
the collision is null, and a new trajectory is started. If notunidirectional magnetic field parallel to the substrate was
null another random number is chosen to determine if themposed, approximating the asymmetric magnetic fields of
collision is elastic or identity changing. If;<S,; /(S industrial reactors. Qualitatively and quantitatively similar
+S;3i), the collision is elastic. Through a sequence of ran-rends were obtained as when using the cylindrical geometry

4t Shower Head i
B-Field

HEIGﬁzI’ (om)

Pump
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FIG. 2. Time averaged argon ion density for 100 W, 40 mTorr discharges forg. 3. Time averaged ionization source by bulk electrons for 100 W, 40
increasing magnetic field strengtte) B=0, (b) B=50 G, (c) B=100G, mTorr discharges for increasing magnetic field streng#h:B=0, (b) B

(d) B=150 G, and(e) ion density as a function of height a&=5 cm. The =50G, (c) B=100 G, (d) B=150 G, and(e) ionization source as a func-
contours are labeled with the percentage of the maximum value indicated iy of height atr =5 cm. The contours are labeled with the percentage of
each frame. The rf voltage amplitude was adjusted to maintain constanhe maximum value indicated in each frame. With increasing magnetic field,

power. With increasing magnetic field, the maximum in ion density shifts,e ignization source is increasingly confined to the vicinity of the substrate.
towards the center of the reactor and towards the substrate.

having a radial magnetic field, but at the cost of doubling the ~ With an increase in magnetic field there is a systematic
computational workload to maintain the same spatial resolushift in the maximum of the ion density towards the powered
tion. electrode, as observed experimentalynd towards the cen-
The Ar* density as a function of position is shown in ter of the reactor. This shift is produced by a corresponding
Fig. 2 for a power deposition of 100 W and magnetic fieldsshift in the source of ionization by bulk electrons and in the
of 0—150 G. The corresponding ionization sources by bullkelectron temperature, though the shift TR is smaller in
electrons are shown in Fig. 3 and the bulk electron temperazomparison. The maximum in the ionization source mono-
tures are shown in Fig. 4. The rf voltage amplitude was adtonically increases as the magnetic field increases up to 200
justed to maintain constant power. In the absence of a mads. The peak ion density and ion flux have maxima as a
netic field, the maximum ion density is X940 cm 3, function of magnetic field, as shown in Fig. 5. The maximum
supported by an electron temperature of 4.5 eV in the middléon density increases up to 100 G, decreasing thereafter,
of the gap. Due to the high plasma density and resulting thinvhile the ion flux to the center of the wafer shows a similar
sheath thickness, the time averaged electron density is nearigend with the maximum flux occurring at 150 G.
indistinguishable from the ion density on the scale of Fig. 3.  The trends in electron temperature and bulk ionization
The ion density is radially uniform over the inner two thirds source are largely explained by the decrease in the axial mo-
of the wafer to better than 10%, with there being a maximunbility and thermal conductivity of electrons with increasing
near the edge of the wafer, characteristic of narrow gap, canagnetic field. The electron Larmor radius and cyclotron
pacitively coupled dischargééAs the electron temperature frequency at 100 G are 0.6 mm and 2.80° s, whereas
is fairly uniform due to the large electron thermal conductiv-the sheath thickness and electron momentum transfer colli-
ity at this comparatively low pressure, the ionization sourcesion frequency are=1 mm and 1.&10° s. As the mag-
closely mirrors the electron density. netic field approaches and exceeds 100 G, the cyclotron fre-
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FIG. 4. Time averaged bulk electron temperature 100 W, 40 mTorr dis- —
charges for increasing magnetic field strengd):B=0, (b) B=50 G, (c) £ o8t
B=100 G, andd) B=150 G. The contours are labeled with the percentage ?_.o ’
of the maximum value indicated in each frame. The decrease in electron 2
cross field mobility and thermal conductivity produces peaks in electron T gl
temperature near the powered substrate. As longitudinal transport is unaf- 3
fected, lobes of high electron temperature occur in the periphery of the §
reactor. Qoal
<
guency increases above the momentum transfer collision
frequency and the Larmor radius falls below the sheath
1

i imiti i i 0.0
thickness, thereb_y_llmltlng the axial convection of electron 20 55 30 35 2.0 45
energy and confining the peak electron temperature to the(b) Height (cm)
site of maximum power deposition at the sheath edge. As the
parallel component of electron heat conduction is unaffecte®IG. 6. Plasma properties as a function of height in the reactor at a radius of
by the magnetic field, electron thermal energy convects |at2 cm (100 W, 40 mTory; (a) ionization source by secondary beam electrons
erall roducing lobes of higher temperature in the peri h_and(b) Ar(4s) density. The curves are labeled with the value of the mag-

Y, P 9 . . 9 p P : p netic field G). Increasing magnetic field localizes ionization sources closer
ery of the reactor. This confinement and lateral convection ofy the substrate. The Arg} density has a corresponding shift which ulti-

mately reduces its value due to increased rates of diffusion loss.

. . . ‘ . 10
7+ o Flux electron power in turn confines the ionization source to be
¢ & ,9,—" e 8 closer to the substrate and to have lobes in the periphery of
“‘é i P ‘o 1% “e the reactor.
25l 82 The shift in the peak ion density towards the substrate is
© . ® s 0 in part facilitated by the confinement of the beam electrons
lc_; 41 @ & AL }: resulting from secondary electron emission. The ionization
I P A c sources resulting from the beam electrons are shown in Fig.
x 37 A A A.-A 4 2 6 as a function of height at a radius of 5 cm for magnetic
ic ) A,’ Dens}ty S f|elds up to 220 G. W|th0ut a magnetlc_fleld, the rf amplitude
"o A’ = is 130 V and dc bias is- 16 V, producing secondary elec-
< - 42 . . .
1 trons having maximum energies of about 150 eV. These elec-
trons have mean free paths of about 2 cm, nearly the same as
0 . ! ! : . the interelectrode gap of 2.1 cm. The ionization source from
0 5 100 150 200 250 beam electrons is therefore fairly uniform across the gap and
Magnetic Field (G) a large proportion of the secondary electron flux is lost to the

FIG. 5. lon flux to the center of the substrate and maximum ion density aé)ppOSIte grounded electrode. AS. the magnetic field _mc_reases
a function of magnetic field strength00 W, 40 mTor). The ion flux has a to tens of G and the Larmor radius decreases, the ionization

maximum at an intermediate magnetic field. source due to beam electrons is more efficiently utilized. For
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example, forB=25 G the Larmor radius for 150 eV elec- 50 - - - - — 250
trons is 1.7 cm, thereby ideally confining the secondary elec- e
trons to dissipate their energy within the 2.1 cm gap. This Bias ‘ 1225
increases the beam ionization source throughout the gas, a 25 I,o’ _______ 4 4200
shown in Fig. 6. Further increases in magnetic field confine _ o & V‘
the beam electrons closer to the powered electrode, resulting b A 1175 _
in the loss of emitted electrons which are returned to and & 0} y >
collected by the electrode. A decrease in the peak ionization % ,KA""'A;«-- ¥ 1150
rate and poorer utilization of the beam electrons result. For @ f’ "' 1125
example, the rate of ionization by beam electrons peaks at  -25 [\ J
about 25% of the bulk rate &=50 G and proportionally .\‘ ,." 1100
decreases at higher magnetic fields. o

The decrease in ion density and flux at large magnetic  -50 L 75

fields can be attributed to at least two second order effects:(a) 0 50 100 150 200 250

multistep ionization and the dependence of dc bias on mag- Magnetic Field (G)

netic field. Just as the ionization source is confined to be : . . : . 120
closer to the powered electrode as the magnetic field in- 50 I AN

creases, so is the excitation rate of electronic states. In par- ™ 8’ * 1100
ticular, the source of excitation for Ar§} metastables is ~ * P,

confined to be closer to the electrode, producing a shift in the = 40 - A ! 180 g
peak density of Ar(4) towards the powered substrate, as g ‘,A : ;‘ S|’
shown in Fig. 6. As the transport of neutral species in unaf- £ 304 Ve e le0 ®
fected by the magnetic field, the confinement of the excita- & N e %
tion rate of Ar(4s) not only shifts the peak in its density g 20 | ‘ 140 ,;_—“
towards the substrate but also results in an increase in its rate (_‘{,’ 'A,_. VAV =
of loss by diffusion to the substrate. The final outcome isa @ 44| R, ) 120
decrease in the Ar(@) density and a corresponding decrease A

in the fractional contribution of the more efficient ionization 0 , f

of Ar(4s) to the total ionization rate. This reduction in a (b) 0 50 160 150 2(')0 250
h|ghly efficient |on|zat|0n mechanism re_du_ces the electron Magnetic Field (G)
density. For example, without a magnetic field, the electron
impact ionization of Ar(4) and Penning ionization of FIG. 7. Electrical properties as a function of magnetic fiel@0 W, 40
Ar(4s) are responsible for 21% and 6% of the total ioniza-mTom): (@ dc _bias[Vdc] and rf voltage amplitude antb) time averaged
tion. With a magnetic field of 250 G, these contributions argP!@sma potentiaVe andVe-Vic.
only 10% and 2%.

The second contributing cause to the reduction in ion
flux is the behavior of the rf amplitude and dc bias. While
varying the magnetic field, the total power deposition wascm at 250 @ and so contribute to the increase in resistivity.
held constant at 100 W by adjusting the rf voltage. The re- The maximum secondary electron energy due to emis-
sulting rf amplitude and dc bias are shown in Fig. 7 as asion from the powered electrode is in part determined by the
function of magnetic field. With a small increase in magneticdifference in the maximum plasma potential and dc bias,
field (<30 G) the dc bias increasébecomes more nega- Vp-Vy.. Although the increase in the rf amplitude and dc
tive). The powered substrate collects only cross field currenbias are such that the differengg-V. is approximately the
while the grounded surfaces collect both cross field and pasame(160 V) as the magnetic field is increased, the dynam-
allel current. The decrease in cross field mobility by moderdcs of the discharge are such that the time averaged value of
ate magnetic fields more detrimentally affects the ability ofVp-Vy. decreases. These dynamics are largely a consequence
the substrate to collect current than the opposing electrodef the electron mobility decreasing, resulting in a larger pro-
thereby producing a more negative dc bias to compensat@ortion of current being carried by the ions as the magnetic
However for larger magnetic fields, the localization of ion- field increases. For example, the ratio of the electron to ion
ization sources near the powered electrode increases its cuross field mobilitiesp/u, , at 40 mTorr foB=0, 75, 150,
rent collecting capability relative to the grounded electrodeand 225 G are approximately 350, 4, 1, and 0.5. The more
while the decrease in electron mobility relative to the ionsresistive plasma has a larger voltage drop across the bulk
results in a larger proportion of the current being carried byplasma and proportionally less across the sheath. For ex-
ions. The dc bias becomes more positive to compensateample, the time average values \6p-V4. at ar=5cm is
reaching 40 V foiB=250 G. As the transverse electron mo- shown in Fig. 7 as a function of magnetic fiel@he time
bility decreases with increasing magnetic field, the dischargaveraged plasma potential is a weak function of raglilise
becomes more resistive and the rf amplitude increases. At thgecrease V-V, produces less energetic secondary elec-
largest magnetic fields investigaté@50—300 G, the ions trons having a shorter range producing a smaller ionization
also begin to become magnetizghe ion Larmor radius is 2 source. Although a small decrease in secondary electron en-
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% 50 - FIG. 9. lon flux to the substrate as a function of radius for different mag-
° netic fields(100 W, 40 mTor): (a) 0—75 G andb) 100-250 G. The maxi-
a ; ;
© 0O mum ion flux occurs at approximately 150 G.
:
o -50 N . : -
the plasma potential profiles shown in Fig. 8. The plasma
-100 . potential, ®(z), is shown as a function of height at
185 G =5 cm at the peak of the cathodic and anodic portions of the
-150fF : L : . rf cycle, and at mid-cycle, foB=0, 100, and 185 G. Without
(c) 2.5 3.0 3.5 4.0 a magnetic field®(z) has the characteristic profile of an

Height (cm) electropositive, highly conductive plasma, having a small

FIG. 8. Plasma potential as a function of height at radiu® cm at differ- ~ Voltage drop across the bulk plasnbgz) is always positive
ent fractional phases during the rf cy¢E0 W, 40 mTor): (a) B=0 G, (b) with respect to surfaces to confine the more mobile electrons.
BZlgOt Gt'ha”d(fr)] ‘Z_: 185dG- TQ_‘&" ffacﬂonvs_ft‘ss_es of 0.25 and 0-t75f9<7get' With moderate increases in magnetic field, which decreases
;E:)sr:naObeceofnaesomlgr:nre;r;gvéc 'Er?(? Iz'ss IeIegftgf)?)zligser,niglnrﬁi:]cat:ﬁg ’inhg;]e eleCtr,on, mobility relative to the ions, the plasma becomes
reversal of the electric field in the powered sheath. more resistive, as shown by the larger voltage drop across
the bulk plasma forB=100 and 185 G. The discharge
ergy is beneficial to slow the electrons in the gap, the degrealso loses its electropositive nature. For example, with
of decrease here results in a net lowering of the ionizatioB=100 G, at which u./u;~2.5, the electric field in
rate. the powered sheath is reversed at the peak of the cathodic
The consequences of the decrease in electron cross fietycle compared to that witB=0. This reversal in the elec-
mobility with increasing magnetic field are demonstrated bytric field confines(deceleratesions and accelerates elec-
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FIG. 10. (Color) IEADs striking the substrate for radii5 cm for magnetic
fields of 0, 100, and 250 G. The IEADs have units of @\¥ér 1. The
contours span 2 decades using a log scale. The decrease in dbdziam-
ing more positive with increasing magnetic field results in low energy
fluxes having broader angular distributions.

0.05

0.04

0.03}

trons. The sheath is also thicker than without the magnetic 0.02-

field. With B=185 G, at whichu./u,~0.7, the reversal of
the electric fields in the sheath and voltage drop across the & 0.01
bulk plasma are proportionately larger. These trends for ;
®(2) are essentially the same as those measured experimer  0.00 20 20 60
tally by Yeomet al, albeit in a different geometr. ®) Energy (eV)

Of all plasma parameters, the uniformity of the ion flux
depends most critically on details of the geometry such a$§IG. 11. lon energy dist_ributions integra_ted over angle striking the substrate
the permittivity and placement of focus rings. For example,floor0 '3‘;'(') (<35°m for different magnetic fields(a) 0-75 G and (b)
ion fluxes to the substrate as a function of radius are shown '
in Fig. 9 for different magnetic fields. Without a magnetic
field, the ion flux is fairly uniform. Increasing the magnetic
field at first produces an increase in magnitude which is edging the range of energies to 65 eV. The angular distribution is
high (up to 50 G which slowly transitions to being center extended ta+15°.
high at 150 G. At higher magnetic fields the ion flux profile The maximum energy of the ion flux increases with
flattens and decreases in magnitude. Due to the sensitivity aimall magnetic fields which reflects the moderate increase in
these results to small details in the geometry of the reactodc bias(more negative For magnetic fields larger than 25
we hesitate to make general conclusions from these trends, the peak in the ion energy distribution occurs at succes-
other than to acknowledge that the uniformity of ion fluxessively lower energie$l5 eV at 250 G while the maximum
can be controlled with moderate adjustments of the magnetion energy extends to energies in excess of 75 eV. These
field 8 trends indicate that with increasing magnetic field the frac-

Due to the decrease in the time averaged values dfon of the rf cycle which the sheath potential is at its mini-
Vp-Vy and the reversal of the electric field in the poweredmum value or the electric field in the sheath is reversed in-
sheath with increasing magnetic field, the ion flux incidentcreases. In unmagnetized plasmas, the electron mobility is
on the substrate decreases in energy and broadens in angsefficiently large that the sheath potential need be at its mini-
These trends are demonstrated in Fig. 10 where the ion emaum value for only a small fraction of the rf period to col-
ergy and angular distribution$EADs) for Ar* incident on  lect sufficient electron current to balance the ion current. As
the central 5 cm radius of the substrate are shown. lon energhe magnetic field increases and the electron mobility de-
distributions integrated over angle are shown in Fig. 11creases relative to the ions, the sheath potential must remain
Without a magnetic field, the time averaged valu&/pfV,.  at its minimum value(or electric field be reversg¢dor a
is 68 V, producing an ion flux largely contained in the rangesproportionally larger fraction of the rf cycle to collect the
of 50—80 eV and—10° to 10°. The decrease M-V . to  needed electron current.
less than 10 V when increasing the magnetic field to 250 V  Similar trends are observed while varying pressure. For
lowers the average ion energy to about 10 eV while extendexample,V s, V4, and V,-Vy. are shown in Fig. 12 for

on Energy Distribution (eV™")
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FIG. 13. (Color) IEADs striking the substrate for radit5 cm for magnetic
fields of O(top) and 150 G(bottom) for pressures of 10, 20, and 60 mTorr.
The IEADs have units of eV! srt. The contours span 2 decades using a
log scale. The decrease in dc biascoming more positiyewvith decreasing
pressure results in low energy fluxes having broader angular distributions.

asymmetric discharge and more negative dc bias. \Bith
=150 G, a decrease in pressure produces more highly mag-
netized electrons, an increasing proportion of current carried
by ions, and a larger voltage drop across the bulk plasma.
The end result is more positive dc bias and smallgV .

The consequences on the IEADs of the lower values of
Vp-Vgc With decreasing pressure are shown in Fig. 13.
IEADs are shown for pressures of 10, 20, and 60 mTorr for

potential —dc bias ¥/p-VqJ. The trends in these quantities with decreasing B=0 150 G.(See Fig. 10 for comparable results for 40

pressure are similar to those for increasing magnetic field due to the d

crease in electron cross field mobility.

SnTorr) With B=0, the mean ion energy decreases with in-

creasing pressure in proportion to the decreas¥ V.
The angular distribution broadens as the sheath becomes

pressures of 10—60 mTorr without a magnetic field and withmore collisional. WithB=150 G, there is a severe thermal-
B=150 G. Power deposition was held constant at 100 Wization and broadening of the IEADs with decreasing pres-
With B=0, the rf amplitude moderately increases with de-sure as the sheath thickens and field reversal in the powered
creasing pressure. The poorer confinement that results frosheath occurs with the decrease in electron cross field mobil-
higher rates of diffusion at lower pressures produce a moréy.
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from a two-dimensional plasma transport model. Experimen-
tally observed trends of decreasing dc biamre positive,
localization of plasma density near the powered electrode
- and reversal of the electric field in the powered sheath with
0'000 20 40 60 80 700 120 increasing magnetic field are reproduced with the model.
(b) Energy (eV) These trends are attributed to the reduction in cross field
_ mobility of electrons resulting in a more resistive plasma and
FIG. 14. Plasma parameters for a 40 mTorr plasma source with a 100 Gyre cyrrent being carried by ions. The ranges of secondary
magnetic field while varying powera) ion flux to the substrate as a func- .
tion of radius andb) ion angular distribution integrated over angle. electrons emitted by surfaces and accelerated by the sheaths
are also reduced, thereby contributing to localizing ioniza-
tion sources near the powered electrode. As electron impact
lon fluxes as a function of radius and energy, and IEADssources are localized near the powered electrode with in-
are shown in Figs. 14 and 15 while varying power depositiorcreasing magnetic field, the maximum in neutral excited state
from 50 to 300 W for a magnetic field of 100 G. The increasedensities also move towards the substrate. Since neutral
in rf amplitude over this increase in power is 126—-213 V, andiransport is not directly affected by the magnetic field diffu-
the change in dc bias is13 to —36 V. The increases in ion sion losses increase, producing a disproportionate decrease
flux with power are less than linear as a consequence of aim excited state densities and multistep ionization. As the
increasing proportion of the power being dissipated by ionmagnetic field increases and electron mobility decreases the
acceleration. The ion flux becomes increasingly nonunifornproportion of the rf cycle during which the sheath potential is
with increasing voltage, a trend which is shared with convenat its minimum value increases, and in some cases the elec-
tional capacitive dischargésAs the power and voltage in- tric field reverses. This trend contributes to decreasing the
crease, the sheath thickness increases, thereby also increanergy of the ion flux incident onto the substrate.
ing the ion transit time. The end result is more structure in
the ion energy distribution. In spite of the sheath thickening,ackNOWLEDGMENTS
the increase in sheath potential produces a narrowing of the ) ) ]
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