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Hot-Electron Production and Wave Structure in a Helicon Plasma Source
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Energetic wave-trapped electrons of,20 eV, moving at the 13.56 MHz helicon wave phase velocity
are directly measured with a 3 ns response-time retarding-potential analyzer. The rf axial wavele
is measured withB-dot probes scanned axially. Changes in the axial magnetic field or the rf pow
cause order of magnitude changes in the energetic electron current. The current correlates with
a transition from partially propagating to nearly pure standing waves or quantized jumps in the num
of half wavelengths between the two azimuthal antenna straps. [S0031-9007(97)03548-5]

PACS numbers: 52.50.Dg, 52.40.Db, 52.70.Ds, 52.70.Nc
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Pulses of argon line radiation have been reported
at the heating frequency in a helicon plasma source:
pulses originated in the near field of the antenna and pro
gated at the helicon wave phase velocity, consistent w
trapping and accelerating pulses of electrons to 30 eV
the radio-frequency (rf) fields under the antenna. We
port on strong variations in the current of energetic, wa
trapped electron pulses with changes in the magnitud
the axial magnetic field or rf power. The electrons a
directly measured with a retarding-potential analyzer, h
ing sufficient time response to resolve 15± of phase angle
of the 13.56 MHz rf wave. We have previously show
that the energetic electrons are wave-trapped within a±

FWHM phase angle each rf cycle [2]. This supports t
picture that electrons “surf” on the helicon wave [1]; a
though, for our parameters, a given electron is expec
to remain trapped for only a mean-free path of,4 cm
(limited by electron-neutral collisions) which is less th
the helicon wavelength of,20 cm. Orbit code calcula-
tions are used to assess this effect.

While Langmuir probes are a more common method
measuring the electron energy distribution function,
proper technique in rf fields continues to be controv
sial [3–5]. Retarding-potential gridded-energy analyz
(GEA) avoid these uncertainties; however, only electro
with axial energy exceeding the sheath potential drop
be detected. Sheath potential oscillations at the hea
frequency are small. The primary diagnostic for this pa
is a 1.9 cm diameter GEA [2,6] with grid voltages swept
measure electron and ion distribution functions. The d
tance between the last grounded entrance grid and the
lector is 0.20 cm, providing 1 ns time response for 20
electrons, limited to 3 ns (corresponding to 15± of phase)
by the 150 MHz analog bandwidth recorder. For 5 e
argon ions, the response time of 400 ns averages the
distribution over 6 wave periods, so plasma potential m
surements are not phase resolved. The GEA and o
probes are downstream of the antenna region where
electrons are produced, so should not perturb these da

Helicon sources are attractive for plasma processing
a number of other applications because they provide h
plasma density in low magnetic fields, with a high io
0031-9007y97y79(2)y233(4)$10.00
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ization efficiency, and a low,,3 eV, electron temperature
[7–9]. These features have motivated a number of grou
to investigate helicons [10–17], much of which is summ
rized in a review paper [18].

The LLNL Helicon Source and diagnostics have be
described [2], with data establishing that the plasma sou
operates in the helicon regime, with parameters approp
ate for plasma processing. Several diagnostics are used
this paper in addition to the GEA: a movableB-dot probe
array measures 3 orthogonal components (Br , Bu, andBz)
at 6 radial positions from 0 to 7 cm [19], a 94 GHz in
terferometer measures electron line density atz  15 cm,
a movable Langmuir probe measures the plasma dens
and a high impedance probe [20] measures the rf flo
ing potential,Vf . The axially movable diagnostics are in
serted fromz  85 cm. A capacitance manometer at th
end of a 60 cm long, 1.3 cm diameter Pyrex tube [21], i
serted toz  30 cm from z  0 cm, measures the argon
pressure on axis to be,6 mTorr without plasma, decreas
ing to 4.5 mTorr with plasma at our operating condition
The dc magnetic field is nearly constant betweenz  8
and 25 cm, which includes the open area of anm  1
Nagoya Type III antenna that has 2.5 cm wide azimuth
straps centered atz  11.2 and 26.8 cm.

The rf power is provided by a 3 kW, 13.56 MHz am
plifier, gated on for times ranging between 80 ms and 8
every several minutes. The plasma density rises with
100 ms, reaching steady state after 50 ms. The energ
electron current remains near zero for the first 1.5 ms,
proaches its steady-state value by 3 ms, and has been m
sured at this value out to 400 ms where we stop taki
GEA data. All GEA data shown in this paper are taken
80 ms. TheB-dot data were taken by scanning the prob
axially during a 5 s plasma shot.

To optimize performance, we vary the axial magnet
field sB0 ; peak value ofBd from shot to shot. Simul-
taneously, we measure the energetic electron current
energy distribution atz  30 cm, near the peak of the
axial profile of energetic electrons. The GEA is locate
off axis at a radius of 2.5 cm, atu of 0± or 180± on the
horizontal midplane. The GEA electron repeller grid vol
ageVg is swept on each shot. The energy distributions a
© 1997 The American Physical Society 233



VOLUME 79, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 14 JULY 1997

e

o

o

d

e
;

o

l

ty

urs
y

u-
ve
d
to

on

rgy

ee

and
tic

ters.

a-
ear
se
t
a

he
on
nd
th
m

nd
er.
similar to that published previously [2]. VaryingB0 is ex-
pected to change the wave phase velocity,yph, according
to the helicon dispersion relation [18]

yph 
v

k


µ
b

a

∂ µ
vcec2

v2
pe

∂


1.9 3 1019

a
B0

n0
, (1)

whereb ø 3.8 for the first radial eigenmode,B0 is in G,
the electron densityn0 is in cm23, and the plasma radiusa
is in cm. Electron energies below the difference betwe
the plasma potentialVp and the floating potentialVf are
repelled by the plasma sheath potentialVs and cannot
enter the analyzer. For unmagnetized, Maxwellian, arg
plasmas, qVs  qsVp 2 Vfd  5.6Te , 17 eV (for
Te  3 eV), similar to the measuredVs  15 V. The
entrance grids are grounded to the end wall, placing b
at an averagedVf ; 0, so Vs ø Vp . For a Maxwellian
with thermal energyEt, the electron current measure
by the GEA would vary as expf2qsVg 1 VsdyEtg for
negative grid voltageVg. The results in Fig. 1 show more
structure than expected. Atu  180±, a change ofB0
from 90 to 100 G reduces the energetic electron curr
from 25 mAycm2 to near zero as shown in Fig. 1(a)
and atu  0±, a reduction from 21 to6 mAycm2 occurs
between 63 and 70 G in Fig. 1(b). The energetic electr
current is reduced forB0 , 50 G at both u  0± and
180±. The energetic electron current was previous
observed to switch phase 180± across the midplane [1];

FIG. 1. As a function of magnetic fieldB0 (a) line-averaged
density at z  15 cm and energetic electron current densi
incident on energy analyzer, at radius of 2.5 cm andz 
30 cm, and on horizontal midplane atu  180±; (b) the
analyzer atu  0±; (c) rf wavelength fromB-dot probe at a
radius of 3 cm measured betweenz  20 and 30 cm.
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however, the differences here betweenu  0± and 180±

indicate azimuthal asymmetries.
The peak in the energetic electron current density occ

betweenB0  60 90 G where the helicon phase velocit
corresponds to electrons at,20 eV. Measurements of the
plasma potentials15 6 5 Vd are obtained from the mini-
mum ion energy. The energetic electron energy distrib
tion is approximately uniform over a 10 eV range abo
qVs, i.e., from 15 to 25 eV [2]. These GEA data verifie
that the hot-electron velocity was approximately equal
the helicon phase velocity for these parameters.

We also obtain dramatic variations in energetic electr
current by fixingB0 at 63 G and varying the rf power from
shot to shot, as shown in Fig. 2. Here the electron ene
analyzer is at 2.5 cm radius andu  0±, and a Langmuir
probe is at 2.5 cm radius andu  15± above the analyzer,
both atz  30 cm. The source operates in any of the thr
modes:E, H, or W , identified by Ellingboe [19]. The
modes are separated by jumps in rf power and density,
for fixed B0 are selected by the rf power. The energe
electron current is nonzero only in theW mode, where
helicon waves propagate with finiteBz dot [19]. The
second jump in electron current density, to16 mAycm2,
has not been correlated with changes in other parame
Following Eq. (1), we can obtain helicon (i.e.,W mode)
operation at the desiredyph either by varyingB0 or by
varyingn0 through changing the rf power.

The difference between the density atz  15 cm,
Fig. 1(a), and that atz  30 cm, Fig. 2, is largely due to
the axial plasma density profile. The profile was me
sured at an argon fill pressure of 14 mTorr to peak n
z  15 cm (the interferometer location), and to decrea
to 28% of peak atz  30 cm, but was not measured a
our standard 6 mTorr. The density in Fig. 2 is also
lower limit because the probe bias of230 V is apparently
insufficient to repel all energetic electrons, causing t
probe current to vary inversely with the energetic electr
current density in some runs. From the density a
magnetic field profiles, we compute the rf waveleng
using Eq. (1). The wavelength varies from a minimu
of 10 cm atz  15 cm, to ,20 cm at z  25 cm, and

FIG. 2. Magnitude of energetic electron current density, a
density from ion saturation current, plotted versus rf pow
The E, H, W -mode notation is from Ref. [19].
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a maximum of 30 to 40 cm atz $ 30 cm. TheBz-dot
data are consistent with this from 20 to 30 cm as sho
in Fig. 1(c), and nearz  15 cm, but beyond 30 cm
show the wavelength decreasing. The rf wave amplit
decreases more rapidly than the flux tube expansion wo
require, because thekz spectrum launched by the anten
no longer matches the propagation requirement of Eq.

We investigate the possible perturbation of the GEA d
by oscillations inVp, i.e., sheath potential. First, we us
a Vf probe, which achieves response times of 5 ns w
a 12 kV s¿Rsheath , 1 kVd resistor near the tip [20]
The probe tip, 0.5 cm long by 0.05 cm diameter, is align
parallel to the magnetic field, decreasing the effect
probe area for hot electrons. We determine that energ
electron pulses occur during positive spikes ofVf , every
rf cycle. This shows that the electrons are not elec
statically expelled from a “Maxwellian” tail, which would
occur during the negative half cycle ofVf . Second, if
Vp oscillations have sufficient amplitude, the electron e
ergy distribution will vary with phase angle. We hav
found the electron energy distribution to be independ
of phase angle when examined in 5–10± units over the
75± FWHM, and to look very much like Fig. 4 of Ref. [2]
This indicates that plasma potential oscillations are sm
(#1 2 V over 75± compared with the 10 eV width of th
hot-electron distribution) which is consistent with axi
electric fields as large as 0.2–0.5 Vycm for wavelengths
of 20 cm. These results indicate that the GEA data is
significantly perturbed by an oscillating plasma potenti

To gain insight into the causes of the variations
energetic electron current, we measure the rfB-dot fields
as a function of radial and axial positions at the sa
parameter ranges as in Figs. 1 and 2. The normalized a
profile of B0 is shown in Fig. 3(a). Contours ofBz-dot
magnitude at 3 values ofB0: 117, 72, and 36 G selecte
from Fig. 1, are plotted in Figs. 3(b)–3(d), respective
The axial wavelength, measured between aboutz  20
and 30 cm, remains nearly constant before jumping
a new value as shown in Fig. 1(c), rather than vary
linearly withB0 as inferred from Eq. (1). This is consiste
with the antenna length fixing the wavelength until t
optimum helicon wavelength, Eq. (1), shifts enough
the finite widthkz spectrum of the antenna to launch mo
power into the new than into the old wavelength. The d
at a radius of 3 cm are plotted vsz at 8 different times in
the rf cycle in Figs. 3(e)–3(g) for the same three magne
fields. Both sets of plots show a jump in the number
half wavelengths between 72 and 36 G where a cha
in current is observed in Fig. 1. Comparing Figs. 3(
and 3(e), 3(c) and 3(f), and 3(d) and 3(g) where ea
peak corresponds to 180± of phase change, the wavelengt
are ,27, 20, and 12 cm, respectively, yielding pha
velocities corresponding to resonant electron energie
36, 20, and 7 eV. In Figs. 3(f) and 3(g), nearly pu
standing waves are seen to be formed under the ante
becoming propagating waves to the right of 25–28 c
But in Fig. 3(e), the waves under the antenna are parti
n

de
uld
a
1).
ta

th

d
e
tic

o-

n-

nt

all

l

ot
l.
n

e
ial

.

to
g
t
e
r
e
ta

tic
f
ge
)

ch
s
e
of

e
na,
.

lly

FIG. 3. (a) Magnetic field flares beyondz  25 cm. (b), (c),
(d) Contour plot of Bz-dot data atu  180± for B0 under
the antenna of 117, 72, and 36 G, respectively. Contou
plotted in 0.05 G intervals, 0.05 to 0.5 G; “tic” marks poin
downhill. Type III azimuthal antenna straps produce large ed
fields atz  11 and 26 cm. (e), (f ), (g) Magnitude ofBz for
8 phase angles at radius of 3 cm andB0 of 117, 72, and 36 G,
respectively. (h), (i) Contours ofBz computed byANTENA code
[22] for B0 of 72 and 36 G, respectively.

propagating towardsz  0, thus accelerating electrons
preferentially away from the detector.

In a 3 eV Maxwellian distribution, the fraction of elec
trons within 62 eV of resonant energies of 7, 20, an
36 eV are 0.14,1.9 3 1023, and 9 3 1026. For n0 
1 3 1012 cm23, this yields current densities of 3500, 80
and0.5 mAycm2, respectively. From the absence of a ho
electron signal near the above values, except at cert
parameters as shown in Figs. 1 and 2, we infer that t
tail of the electron energy distribution is truncated belo
Maxwellian values.

The mode patterns of the rf magnetic field are cons
tent with our calculations from theANTENA code [22].
The plasma and magnetic field are assumed uniform
z, and the plasma density varies radially as1 3 1012f1 2

sry10.5d2g. This density profile is guided by ion-saturation
probe measurements. The full 3D structure of the Type
antenna is included, except for the radial leads. The el
tron collision frequency is taken as1 3 107 s21 arising
235
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from both neutral and Coulomb collisions near thermal e
ergy. The results, shown in Figs. 3(h) and 3(i) forB0  72
and 36 G, compare quite well with measured contours
Figs. 3(c) and 3(d), showing axial eigenmodes that v
with magnetic field with no anomalous effects require
The antenna current is estimated to be 15 A [2], compa
to the 10 A value used in theANTENA runs.

To model the electron heating, we use an electron
bit code that follows an ensemble of electrons in a p
scribed rf axial electric field,Ez , having a standing wave
pattern as found in the experiment and fromANTENA. The
initial electron distribution is Maxwellian at 3 eV. Thes
calculations are similar to those in Ref. [1], except th
we also include the effect of neutral and Coulomb co
sions. At a pressure of 5 mTorr, a strong enhancemen
electrons to 20–25 eV is found for a wave phase veloc
corresponding to 15 eV forEz $ 0.5 Vycm. The produc-
tion of hot electrons with positive velocities is modulate
at the wave frequency, as observed in the experiment
the phase velocity is increased to correspond to an ene
of 30 eV, the number of heated electrons becomes m
smaller. At higher pressures, higherEz fields are neces-
sary to overcome collisional scattering out of the wav
TheEz  0.5 Vycm fields are a factor of 2–10 larger tha
computed byANTENA with inputs appropriate to the exper
ment, an unexplained discrepancy. But, as noted, G
data are consistent withEz as large as 0.2–0.5 Vycm.

A set of criteria for the generation and detection
energetic electrons can be formulated, based on our
perimental measurements and models: First, models
energetic electron heating by helicon waves [1,2] show t
standing waves provide transit-time heating of electrons
several eV, high enough for the electrons to be trapped
accelerated further when injected into accelerating trav
ing waves. All our data, including that presented here,
consistent with needing both standing and traveling wav
Second, only inW mode do traveling waves exist that ca
trap and accelerate electrons in the core of the plasma
umn [19], so this mode is necessary for obtaining energ
electrons. Third, the rf-phase velocity must be match
to the electron energy distribution function. Fourth, ele
tron energies below the sheath potentialVs cannot enter the
analyzer. Fifth, at higher pressure, neutral collisions sc
ter energetic electrons out of the wave. Effects three
four account for the peak of 20 eV electrons at 60–90 G
Fig. 1. This peak may be a lower limit, because portio
of the tail pulled out of a truncated distribution may l
below theVs , 15 eV detection limit. Thermal ioniza-
tion that would be responsible for 85% of the ionizatio
with a Maxwellian distribution will be reduced by a trun
cated distribution, relative to hot-electron ionization.

In conclusion, peak energetic electron current densi
are measured when standing waves under the ante
couple to traveling helicon waves that have phase velo
ties corresponding to electron energies near 20 eV, h
enough in energy to penetrate the sheath at the anal
and low enough to have a significant number of electro
236
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Matching the phase velocity and achieving wave-mod
operation can be realized with a magnetic field in the 50
100 G range and sufficient rf power to achieve densitie
the order of1012 cm23. In this way, the magnetic fieldB0
and the rf power provide convenient variables to contr
the current of energetic electrons [23].
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