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Harmonic content and time variation of electron energy distributions
In high-plasma-density, low-pressure inductively coupled discharges
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Plasma kinetics models which are commonly used to model rf discharges often produce electron
energy distribution$EEDS averaged over the rf cycle. In doing so, the time dynamics of the EEDs
are lost. In this article we describe a technique to recover these time dynamics by using an
“on-the-fly” (OTF) Monte Carlo method. The OTF method directly computes the harmonic content
of the EEDs using Fourier transform techniques during advancement of the trajectories of
pseudoelectrons. The OTF method was incorporated into a two-dimensional plasma equipment
model to investigate the harmonic content of the EEDs and their time dependencies in inductively
coupled low-pressure{10 mTorr) and low-frequency<t16 MHz) plasmas sustained in Ar. The
computational results demonstrated that the second harmonic dominates the time dynamics of the
EEDs, and that this harmonic content mostly occurs at higher energies. The harmonic content at low
energies is significant only in the electromagnetic skin layer. We also found that the time evolution
of the second harmonic of the EED involves the simultaneous transit of several pulses in energy and
space. These pulses are attributed to the nonlinear Lorentz force resulting from the rf magnetic field.
© 2003 American Institute of Physic§DOI: 10.1063/1.1592630

I. INTRODUCTION (EED).° Tomographic measurements of phase-resolved opti-
cal emission from ICPs in Ar and Oby Makabe and co-
Inductively coupled plasma&lCP) sources are widely workers had significant harmonic content produced, in part,
used for etching and deposition in microelectronics fabricaby these nonlinear Lorentz forced*1® For example, their
tion due to their high ionization efficiencies producing high measurements of net excitation rates as a function of radius
electron and ion densities>(10'° cm %).1® These plasma showed two maxima during the rf cycle resulting from
sources are typically used at low pressuresl(’s mTorr)  EXBy drift in the quasi-dc radial electrostatic fieltiSanka-
and frequencies<(10’'s MHz) to facilitate collisionless ion ran and Kushner numerically investigated the time depen-
transport through the sheath, reduce capacitive coupling amence of excitation rates in low-pressure ICPs sustained in
manage transmission line effe€tsIn this regime, nonlinear ArIN,.*2 They found that even harmonics dominate the
electron transport resulting from second harmonic and Porsource functions for inelastic high threshold processes as
dermotive forces is significant 12 modulation of the EED at higher energies is more likely than
The physics of nonlinear electron transport in ICPs isat thermal energy. The harmonic content of excitation in
complex and is a current topic of research. For examplelCPs was found to be critically sensitive to pressure and
Godyaket al. observed large electrical potentials in ICPs atdriving frequency, which ultimately determine the rato
the second harmonic when nonlinear processes dominate Ve/ ®.
over the linear acceleration of electrons by the inductive  In this article the harmonic content of EEDs in low pres-
electric field™® This potential is generated by the rf Hall ef- sure ICPs is discussed. The “on-the-flfOTF) Monte Carlo
fect, produced by the nonlinear Lorentz fordéLF), vXB, technique, originally developed to calculate the harmonic
resulting from the radial component of the rf magnetic fieldmoments of EEDs, was adapted to obtain pure harmonics of
and azimuthal component of the electron velocity. As suchEEDs and, subsequently, to reconstruct their time depen-
the NLF axially accelerates electrons a#, 2vherew is the ~ dence. It was observed that when the skin layer is anoma-
fundamental frequency of the electric field. Piejak andlous, the high energy structure of the EED is modulated at
Godyak derived analytical expressions for the second har® in large part due to axial acceleration by the NLF. Under
monic and Pondermotive forces acting on electrons in ICFelect conditions, pulses of energetic electrons are launched
discharge$.They found that these forces scale asvddf) in ~ across the reactor, of which many could be in flight at any
the highly collisional case when,>w, and as 12 in the ~ given time. The model is described in Sec. II. The results
collisionless case when,<w, wherev, is the collision fre-  from our parametric study are presented and discussed in
quency averaged over the electron energy distributiop€C- Ill. Concluding remarks are in Sec. IV.

Il. DESCRIPTION OF THE MODEL
dpermanent address: Institute of Thermophysics, Novosibirsk, 630090, Rus-

sia; electronic mail: vasenkov@uiuc.edu In this section the OTF method for investigating the har-
DElectronic mail: mjk@uiuc.edu monic content and time dependence of the EEDs in low-
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pressure plasmas is described. By adapting the OTF methdHe cross sections and the EEDs are smoother functions of
discussed in Ref. 12, statistics are collected in a Monte Carlenergy. At every time step the raw statistiEg, which even-
simulation for the harmonic coefficients of the EEDs as op-ually produce the EEDs, are updated as

posed to collecting statistics on the time dependence of the

EEDs. The OTF technique was implemented in the Electron Fi—Fy +2
Monte Carlo SimulatiofEMCS) of the two-dimentional Hy- ]
brid Plasma Equipment Mod&HPEM).1® A brief description

of the HPEM will be given followed by a description of the X O[(F 4k E5AT ) — Fj]}, 1)
OTF method.

The HPEM, described in detail in Ref. 16 and reference yorei and| are the energy and spatial indicéss the delta
therein, consisting of three major modules, was developed O nction and the summations are ovirparticles andk

investigate low temperature, low pressure plasma phenomyeiqnporing mesh cellg; andr; are the energy and location
ena. The Electromagnetic ModulEMM) is used to calcu- ot yhe jth particle, andAs; and Ar, are the energy and the
late rf magnetic and electric fields by solving Maxwell equa- a5k cell widthw; is a pseudoparticle dependent weighting

tions. These fields are than used in the Electron Energynich accounts for the number of electrons the pseudopar-

Transport Module(EETM) where electron transport coeffi- ;e represents andt; is the previous time stepy is a

cients and source functions are calculated. These functiongeighting for finite-sized-particle accountifAt the end of
are obtained using either the EMCS or by solving an electror@iven iteration through the EMCS, the EEDf,, are ob-

energy equation coupled with a two-term solution of Boltz- 5ined from the raw statistids;, by normalizing
mann’s equation. In this study, the EMCS was used to pro-

duce the kinetic transport properties required for the OTF
method. Results from the EETM are transferred to the Fluid- W'Ei Fi :Ei fiel"Aei=1,
Chemical Kinetics ModuldFKM), which solves the conti-

nuity, momentum and energy equations for densities anwhereW, is a spatially dependent factor. THg obtained at
temperatures of neutrals and charged species, and Poissot¢ end of the EMCS are then used to update electron-impact
equation for the electrostatic potential. A drift diffusion for- rate coefficients, optionally backaveraging with previous it-
malism is used for the electron continuity equation to enabl€rations, which are transferred to the FKM.

an implicit solution of Poison’s equation. The modules are ~ The just described method produces EEDs which are
iterated until a converged solution is obtained. averaged over the rf cycle and so information about the time

A detailed description of the EMCS and of the OTF dependence of the EEDs is lost. To recover this information,
method can be found in Refs. 12 and 17. The simulatiorthe OTF method was adapted to compute the harmonic con-
starts by initially distributing electron pseudoparticles in co-tent, and so the time-dependence of the EEDs, using a Fou-
ordinate and velocity space using initial estimates for electier transform technique. The alternative, binning particles
tron density and temperature. Following initialization, the by phase in the rf cycle and so explicitly recording the time-
trajectories of the pseudoparticles are advanced through frétependent EEDs, was not used because of the large compu-
flight acceleration or motion interrupted by collisions. Be-tational and memory requirements. The OTF method filters
tween these collisions the trajectories of the pseudoparticiddgher frequency noise in the EEDs by selectively computing
are advanced according to the Lorentz equation using e|eéqwer order Fourier cogfflments. Direct time domal'n tech-
tromagnetic fields from the EMM and electrostatic fieldsNidues of resolving the time dependence would require larger
from the FKM. The modeling of collisions over a wide range numbers of particles or larger numbers of rf cycles of record-

of collision frequency, produced primarily by changes ining to suppress such noise. _ o
electron energy, is made tractable by the use of a null- The statistics for raw complex Fourier coefficients are

collision technique. This is accomplished by adding whatcollected similarly to thosg for time-averaged EEDs. For ex-
appears to be fictitious processes known as null collision&@mple, for thenth harmonic

such that the total collision frequency appears to be constant.

Electron—electron collisions, which significantly affect ther- vi—w +Z wjAt; explinwt;) ol (&= lAsi)—sj]

mal electron motion, are treated separately from other events ]

since the frequency of these collisions depends on the rela-

WAL S (e 3Ae)) —£)] S a

@)

tive velocity of colliding electrons. These collisions are mod- X2 ag (1 5AT ) — 1] ()]
eled using a test particle method and particle-mesh K
algorithms:® This expression differs from Ed1) by the complex time-

Statistics which produce the spatially dependent, timgjependent factor exipw t}) which accounts for the time
averaged EEDs are collected on every time step in th@yolution of the EEDs. At the end of a given iteration the

EMCS by binning pseudoparticles using a two-dimensionahmplitude and phase of theth harmonic are obtained from
mesh for spatial locationsseparately uniform in radius and the Fourier coefficients by

heigh) and a one-dimensional nonuniform mesh for energy.

The mesh for energy usually has smaller width bins at lower ~ ®{{=¥{/W,,

energies to resolve more the complex structure of cross sec- (4)
tions and EEDs, and larger widths at higher energies where @il =MV 1/REWR],

Downloaded 26 Aug 2003 to 128.174.115.149. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 A. V. Vasenkov and M. J. Kushner 2225

fe] 10'%n3

-

0

Pump port\ 10

Height (cm)
[4,}
I

Plasma £
R=R
Gas g
Quartz Inlet >
Window \
0 AN
Q\O (== =)
Coils 2 yi 3
(a) Radius (cm)
Air 0 [Electron Source] 10'4cni®s!
]
8
0 5 10
Radius (cm) -
. o . §e
FIG. 1. Schematic of the cylindrically symmetric ICP reactor. £
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whereW, is the normalization factor from E@2). The time
dependence for thieth harmonic of the EEDs is then recon- 2
structed from

i1=®{ sinnwt+ ¢]), (5)

where the zero harmonié] is equivalent to the time-
averaged EEDf(&;,r;), determined from Eq(2). The time
dependence of the EEDs is obtained by summing all avail-
able harmonics

N

f(si,r|,t)=ma>{0,r]21 . (6)

30

sometimes result in the sum of phase weighted amplitudes 0 2 4 6 8 10
. . . . . - (©) Radius (cm)
being negative, the maximum in E@®) is applied.
FIG. 2. Plasma parameters for the base case conditidhenTorr, 100 W,
Il HARMONIC CONTENT OF EEDs 6.78 MH2. (a) Plasma densityb) electron impact ionization source func-

N

Height (cm)
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The harmonics havingy different than zero alternate be-

tween having positive and negative values depending on
their phase. The EED must always be positive because it is
the probability of having an electron of a given energy and
space coordinates at a given time. As noise in the EMCS

tion, and(c) electron temperature. The ionization source peaks at the edge of

In this section the time dependence of EEDs and thei}'he skin layer.

harmonics in ICPs sustained in Ar will be discussed. The

electron-impact cross sections, heavy particle reaction rate

coefficients, and the geometry of the ICP reactor used in thifargest in magnitud&-'’ The classical collisionless skin
investigation are the same as in Ref. 17. This geometry islepth, 5= (m/uqe°ne), Whereu, is the vacuum permeabil-
shown in Fig. 1. Briefly, the ICP plasma is produced in aity, is about 2 cm for the base case conditions. The electron
cylindrically symmetric chamber, 10 cm in radius and 10.75temperaturel, peaks in the skin layer, where electrons are
cm tall. The rf antenna is a five turn coil set atop a quartzstrongly heated by the large rf fields. In the bulk plasma,
window 1.27 cm thick. Typical plasma parameters for theis lower as electrons transfer their energy to the gas by col-
base case condition€l0 mTorr, 100 W, 6.78 MHr are lisions. The mild gradients i, result from the efficient
shown in Fig. 2. A peak electron density about 2 conduction of thermal energy across the reactor by electron—
x 10 cm™ 2 occurs at the center of the reactor as low-energyelectron(e—@ collisions. Since in the bulk plasma beyond
electrons pool from the plasma edges to the center where ttibe skin depth, direct electron heating by the electromagnetic
electric potential peaks. A peak in the rate of ionization isfield is small, electron thermal conduction dominates heating
located at the edge of skin depth where the tail of the EED i®f low energy electrons. This effect is clearly demonstrated
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FIG. 4. (Colon The time-averaged EED@Inits eV *?) for the base case
conditions (10 mTorr, 100 W, 6.78 MHgfor (top) r=0 and (bottom) r

=4 cm. The time averaged EED is the same asftheomponent. On axis,
there is little accentuation of the tail of the EED in the skin layer. At mid
radius, the EED is enhanced at high energies in the skin layer, extending into
the bulk plasma, a result of NLF. The EEDs are fairly uniform as a function
of height at low energy due to thermalization by e—e collisions.

Height (cm)

The time evolution of the azimuthal electric fiel, for
L the base case conditions during the first half of the rf cycle is
4 6 8 o : . .

Radius (cm) shown in Fig. 3E, exponentially decreases in the skin depth
with distance from the coils for all phases of the rf cycle.

FIG. 3. E, (V/cm) for the base case conditiort$0 mTorr, 100 W, 6.78 Close to the Opposite Wan has extrema and nodes result-

MHz) for different phases during the rf cycl@) ¢=0, (b) $=0.3, () . f th | elect ti hich t t

¢»=0.67, (d) $#=0.97. Dephasing of thermal electrons produce destruc- Ing trom . erma . electron m_o 'on_W Ich generares C””‘?“

tively interfering electric fields which result in nodes in the penetrating SOUrces interfering or reinforcing the local electric

inductively coupled field. field.1>1"1° These currents, transferred by electron thermal
motion, are too small to significantly perturb the rf fields in
the skin layer, wher€&, is large, whereas these currents have

by removing e—e collisions from the simulation. Without e—emeasurable effects on the electric field beyond the classical

collisions, T, there is a significant minimum in the center of skin layer whereE, has decayed to smaller values.

the plasma where low energy electrons are trapped at the Time-averaged EEDs, which are the same as the Oth har-

peak of the plasma potential. monic, are shown in Figs. 4 and 5 as a function of height for
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FIG. 5. The time-averaged EEDsnits eV ¥?) for the base case conditions Tyl T,
as a function of energy for fixed axial and radial positigtap) r=4 cm
(bottom) r =0.5 cm. Atr =4 cm, the tail of the EED is largest at the edge of 0 05 10 15 20 25

the skin layer as a result of collisionless heating. The EED peaks at low Energy (eV) Energy (eV)

energies in the bulk plasma. The EEDs at low energy on the axis weakly

depend on height as high thermal conductivity due to e—e collisions reduceBIG. 6. EEDs(units eV-*?) for the base case conditiofis0 mTorr, 100 W,

temperature gradients. 6.78 MH2) atr =4 cm for different phases during the rf cycle. The tail of the
EED is enhanced in the skin layer followed by propagation of high energy
electrons into the bulk plasma.

the base case conditions at two radial positions, near the axis

atr=0 andr=4 cm. Due to the large electron-electron col-

lision frequency in the middle of the reactor and the resultindfield is also larger, or by thermal conduction resulting from
efficient transfer of thermal energy, the distribution of low- e—e collisions.

energy electrons near=0 is nearly axially uniform except The EEDs show more evidence of acceleration in the
near the coils and the far wall. The EED is depleted at lowskin layer atr=4 cm, where the amplitude of the electric
energies near surfaces as a consequence of pooling towarfilsld is large &3 V/cm). The largest fraction of high-energy
the center of the reactor where the plasma potential pealelectrons resides at the edge of the collisionless skin depth
and which traps low-energy electrotsThe electrons in the producing significant ionization in this region, as shown in
skin depth are dominantly collisionlessly heated. The contrifig. 2(b). The tail of the EED decays with distance from the
bution of Ohmic heating in the skin depth is small as electrorcoils. Electrons having energies greater the plasma potential
mean free paths~2 cm at 10 eV are comparable to the escape from the bulk plasma to the walls and electrons hav-
skin depth. In the bulk plasma, Ohmic heating is not aning energies greater than the first inelastic threshold at 11.6
unreasonable approximation. The net power deposition oleV dissipate their energy by collisions. Electrons with ener-
tained by assuming only Ohmic heating is only three timegjies below the first inelastic threshold are nearly spatially
less than the total net power deposition in an ICP discharganiform in the axial direction since they are trapped by the
sustained in Ar at 100 W and 10 mT&Pr?! The distribution  electrostatic potential and e—e collisions efficiently conduct
of high-energy electrons on axis only slightly peaks at theelectron energy, thereby smoothing the distribution function.
edge of the skin layer. Electrons here are only indirectly  The time evolution of the EED for the base case as a
affected by collisionless heating in the skin layer sigeis  function of height ar =4 cm when including six harmonics
zero on the axis. These electrons are heated as a result isfshown in Fig. 6 for different phases in the rf cycle. The
scattering of electrons from larger radii where the electrichigh-energy tail of the EEDs a$»=0 is only moderately
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enhanced in the skin layer as the electric field crosses zero. WAELE
As the electric field increases in magnitude, the energy of 1u-1 0
electrons in the skin layer rapidly increases due to noncolli-

sional heating. The EEDs ab= /4 and ¢=m/2 are en- 8

hanced at high energies in the skin layer as the electric field 3

increases but the tails of the EEDs are less affected deeper f—ﬁ

into the plasma. The increase in the azimuthal component of 5.4

the velocity of electrons in the skin layer produces a corre- T

sponding increase in the Lorentz force which accelerates ]

electrons out of the skin layer into the bulk plasma. As a .

result, the differences between the tails of EEDs in the skin Oy 10 20
layer and in the bulk plasma decrease as this axial force (a) Energy (eV)
accelerates electrons out of the skin layer. The EEDsgfor Iff f5l = 0.5
=3m/4 through 7/4 show this transition. As the phase 10

crosses, the electric field decelerates electrons in the skin
layer producing a lowering of the tail of the EED. This pro-
cess continues untéh=7 /4 when the EED in the skin layer
differs little from that in the bulk.

The amplitudes of the first four harmonics of the EEDs
as a function of height are compared in Fig. 7rat4 cm.
The amplitude of ; is nearly uniform as a function of height
and is dominantly produced by electrostatically trapped elec-

o

m

Height (cm)
=

trons with energies below the plasma potential. Conse- 10 20 30
guently, the peak of,/fy is only 0.1. The energy distribu- (k) Sy (V)

tion of these electrons is practically time-independent as a /1= 0.1

consequence of their collective dephasing by e-neutral and 10f

e—e collisions. The second harmonic has the largest ampli-
tude at both low and high energies producing a peak of
|f,/fo]~0.5 ate~20 eV. f, has large-scale structures in the
skin layer which are formed as a result of collisionless elec-
tron acceleration. The third harmonic consists of low-
amplitude structures which appear similar to the first har-
monic as both are also largely determined by the trapped
electrons. The amplitude of fourth harmonic is similar to the

Height (cm)
B ® oo

]
T

first and the third except in the skin layer where there is a ic?U é?}ergﬂiﬁ 30
maximum (f,/f,|~0.2 ate~20 eV) resulting from colli-
sionless electron motion. Ifqffgl =0.2

Since the nonlinear dynamics of the EEDs are dominated 10g

by the second harmonic, we will focus further discussion on
its properties. The time dependencefgffor the base case

o

conditions is shown in Figs. 8 and 9. The second harmonic Ea.
has both positive f;;) and negative f,) components. A £t B
large value off; implies an abundance of electrons whose iﬂ;-i

energy oscillates at the second harmonic relative to the time-
averaged distribution, whereas a large valuef pfimplies
depletion of electrons having energy oscillating at i2la-

[1*]

tive to f. In analogy with semiconductor transpoff, can fd?D i —_— b 30

be thought of as being produced by holes. s | Em
Electrons oscillating at @ are dominantly produced by 5 4 1

noncollisional heating in the skin layer iy, generating a Sx10 5x10 w10

pulse of hot electrons near the dielectric. NLF forces then

accelerate these electrons out of the skin layer into the bulk

plasma. Pulses of such electrons propagate across the reactor

dissipating in both energy and coherency. At any given timeriG. 7. (Colon Relative amplitudes of the first four harmonics as a function
there could be many such pulses in transit. The “life cycle” of height for the base case conditiofi) mTorr, 100 W, 6.78 MHeat r

: : =4cm. (a) fi/fy, (b) f,/fy, (c) f3/fy, and(d) f,/fy. The maximum
of one such pulse can be viewed from Figs. 8 and 9 bX/alue of the harmonic amplitude is shown above each figure. The even

. + . .
following the f, dynamics. The behavior for phases @ harmonics have the largest amplitudes. The amplitudes of the odd harmonics
< is identical to that for phases<0¢< 27 with the roles  are fairly uniform due to the large frequency of dephasing collisions.
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FIG. 8. (Color) The harmonic componerit, for different phases during
the rf cycle as a function of height at=4 cm for the base case conditions
(10 mTorr, 100 W, 6.78 MHE Regions of the energy-height plane whése
is positive (3) or negative ;) are separated by the white contour line.
Regions labeled 4+ are occupied byf; for 0<¢<m and byf, for =

< ¢<2m. Regions labeled “” are occupied byf, for 0<¢<a and by
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FIG. 9. (Colon f; andf, as a function of height at=4 cm for different
phases in the rf cycle for the base case conditid@smTorr, 100 W, 6.78
MHz).

of f5 andf, reversed. Regions of the energy-height plane of
Fig. 8 labeled “+” are occupied byf, during 0< <= and
f, during m<¢<2m. Those labeled “" are occupied by
andf, during 0<¢<m and byf, during m<¢<2mw. f,
andf, are separately shown in Fig. 9.

The origin of a pulse begins at phage=0 with low

+ ' : )
f5 for m<¢<2m. Successive pulses of high energy electrons propagat€N€rgyf; electrons in the skin depth being accelerated by

across the reactor.

E, [lower left corner of €,z)]. As the cycle progresses,
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these electrons are accelerated up the energy axis but do not 10
propagate far irz as acceleration is parallel to the dielectric. 9
By ¢=0.5m, along tail to thef; EED has been generated in 8
the skin layer. At this phase, Lorentz forces begin accelerat- 7
ing the f, electrons into the bulk plasma ¢( EG
=0.5m—0.97). The f, pulse “separates” from the skin £5F
layer at aboutp=1.37 (the “—"region at $=0.37) as the 54
Lorentz force decreases and Bg changes sign to begin 8
decelerating electrons in the skin layer. The separéted 2
pulse propagates across the reactor, progressively dephasing !
due to collisions(as indicated by the broadening in axial %
exten) and decreasing in enerdgs indicated by the lower-
ing in energy of the centroid of the pu)sélhe centroid of 10
the f; pulse gains in energy even when leaving the skin 9
layer as it is accelerated towards the maximum in the plasma 8
potential and decelerates as the centroid passes the peak in €7
. . . . 6
the plasma potential and begins to climb the opposite <
presheath. After one complete rf cycle, the centroid is %i
approximately at mid-reactor; and a&t=2.37 (the “+" re- T,
gion at¢=0.37) the leading edge of thE; pulse intersects 2
the opposite wall. The slope of thig pulse in the £,2) 1
plane steepens with time as high energy electrons with ob

longer mean-free paths outpace the lower energy electrons. ¢ ° 13ner$3(e\?)° =%
When the pulse reaches the opposite wall, ftheelec-

trons are decelerated in the sheath, forming a pool of low

-
o

energy electronftop left corner of €,z)]. This deceleration 2
and pooling occurs ovep= 2.4 to 3 (the “+” region for ;
¢=0.47—1.). These electrons begin propagating back to- e
wards the peak in the plasma potential at the center of the :;'5
reactor over ¢=2.57-3.57 (the “+” region for ¢ 4
=0.57—m, and the “—"region for ¢=0-0.57). This “re- T,
turn” pulse is rapidly dephased due to frequent elastic colli- 2
sions(both electron-heavy particle and e-—e 9

By following the f; dynamics(* —” during ¢=0-r, 0

and “+” during ¢=m—2) we track the depletion of elec- o 5 ‘Energ,“;’(e\?f %

trons at the second harmonic, or the transport of electron
holes. For example, as thfg pulse leaves the skin depth
¢=1.37 (“ —"at ¢=0.3w) f, dominates in the skin layer,
an indication of deceleration b§, and depletion by the
Lorentz force. The depletion zone propagates into the bulk
plasma, shadowing this, pulse.

While the dynamics of high-energy electrons are largely
determined by the rf fields in the skin layer, the transport of
low-energy electrons is dominated by thermal diffusion and
e—e collisions. Low-energy electrons generated by ionization
at the edge of skin layer diffuse back towards the coils and 10 10— 20 25 30
periodically repopulate the skin layer. The proportion of Energy (eV)
these electrons iS./(2wng), whereS, is the electron source . :

. . Lo FIG. 10. EEDs as a function of height a4 cm at reduced pressure and
at the edge of skin Iayer amg is the electron den5|ty in the frequency(1 mTorr, 100 W, 3.39 MHEfor different phases in the rf cycle.
skin layer. For the base conditions, about 5% of the electronshe lower pressurdonger mean-free pathand lower frequencylarger rf
are repopulated in the skin layer by ionization during themagnetic fields produces more pronounced harmonic modulation in the
portion of the cycle when the Lorentz force is weak. OnceFEPS:
these thermal electrons enter the skin layer, they are heated
by the rf electric field thereby initiating the large-scale struc-
tures formed in the skin layer. This electron recirculation in10 and 11. By reducing the pressure, the mean-free path
ICP discharges also has been observed experimefitaliyl  increases and collision frequency decreases. The electron dy-
predicted numericall$? namics are essentially collisionless everywhere as the

The time dependence of the EEDs at a reduced pressuesomalous skin depth is comparable to the height of the
and frequencyl mTorr, 3.39 MHz, 100 Wis shown in Figs. reactor. For these conditions collisionless heating is an order
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FIG. 11. EEDs as a function of energy for fixed axial positions at reducec
pressure and frequend¢§ mTorr, 100 W, 3.39 MHEg andr =4 cm for dif-
ferent phases in the rf cycle. The largest changes occur in the tail of EED &
NLF mostly affects the motion of high energy electrons.

of magnitude larger than Ohmic heatifftf* Beginning prior
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FIG. 12. (Colon) f; as a function of height at=4 cm at different phases
during the rf cycle at a reduced pressure and frequéhay Torr, 100 W,

3.39 MH2. The lower pressure and larger NLF produces a pulse at the
second harmonic which extends over a broader extent in the energy-height

to ¢=0 electrons are collisionlessly heated in the skin layemlane.

forming the EEDs atp=0 and ¢= 7/2 which are depleted

at low energies and enhanced at high energies. The high-
energy electrons are accelerated out of the skin layer by thgies below the plasma potentiél6 eV) back into plasma
Lorentz force, which depletes the tail of the EEDs in the skinforming a peak in the EEDs.

layer and increases the proportion of high-energy electrons i
the bulk plasma fop= 7 and ¢=3=/2. At the same time,

n The time dependence 6§ at 1 mTorr and 3.39 MHz is
shown in Fig. 12. At this lower frequency the magnitude of

the sheath at the opposite wall reflects electrons with enethe rf magnetic field is proportionately larger. Following the
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FIG. 14. (Color) The ratio off,/f, as a function of height and energy at
FIG. 13. (Color) The ratio off,/f, as a function of height and energy at -4 ¢m for (a) 10, (b) 3, and(c) 1 mTorr for 6.78 MHz.

r=4cm for(a) 16, (b) 6.78, and(c) 3.39 MHz for otherwise the base case
conditions(10 mTorr, 100 W. Larger modulations at the second harmonic

occur at lower frequencies. L . . .
lower collisionality. The higher energy electrons which out-

race the bulk of the pulse reach the opposite sheatt at
zero crossing ok, (¢#=0) electrons having diffused into ~, decelerating by virtue of climbing the opposite sheath
the skin layer are rapidly accelerated to high energy in th€ »=1.37). Those electrons which have energies less than
nearly collisionless conditions and highBfN at 1 mTorr.  the sheath potential and are not lost to the surface reverse
As the NLF begins to accelerate these electrons out of thdirection and form a return pulsepE& 1.97). This approxi-
skin layer (¢=0.67) the resulting pulse is more extended in mately coincides in time to when the lower energy portion of
both energy and axial extent than for the base case due to tliee original pulse reaches the opposite wall. Due to the lower
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collisionality, larger NLF and longer rf period at this lower originate from the nonlinear Lorentz forces in the skin layer,
pressure and frequency, there is generally only a single puldacreasing in intensity as the skin layer becomes more
in transit across the reactor, compared to the multiple pulseanomalous. As such the spatial width and energy range of the
shown in Fig. 8 for a higher frequency and higher pressurepulses increase with decreasing frequency and pressure. The

The ratiosf, /f, for different frequencies but otherwise dynamics of these pulses can be partially explained in terms
the base case conditions are shown in Fig. 13. Significarf an electron recirculation process, during which low-
modulation of the EED ata is indicated by large values of energy electrons from the bulk plasma thermally diffuse into
f,/fo. This modulation is largest at high energies and in thethe skin layer followed by the noncollisional heating of these
skin layer for all frequencies; and extends to greater heightelectrons by the large rf electric fields in the skin layer, and
as the frequency decreases. The larger harmonic contetite nonlinear Lorentz force acceleration of hot electrons
throughout the volume at lower frequencies results, in partfrom the skin layer into the bulk plasma.
from the increase in the electromagnetic skin depth and in-
crease in rf magnetic field which extends the region in whicH*CKNOWLEDGMENTS
electrons are accelerated by the NLF. The larger harmonic  This work was supported by the National Science Foun-
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