
PHYSICAL REVIEW E, VOLUME 64, 026406
Lorentz force effects on the electron energy distribution in inductively coupled plasmas
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Depletion of the electron energy distribution function by slow electrons in the skin layer has been observed
in experiment in a cylindrical inductive discharge with a flat coil at low frequency and low gas pressure. The
origin of the effect lies in the dependence of the ponderomotive force~caused by the rf magnetic field! on the
electron thermal motion under conditions of the anomalous skin effect. Analysis of the electron energy distri-
bution based on the existence of adiabatic invariants for collisionless electron motion at low frequencies
reveals enhanced anisotropy and time dependence of the electron distribution function due to strong rf mag-
netic fields and a polarization electrostatic potential at twice the driving frequency. The electron energy
distributions calculated in the skin layer using experimentally measured electromagnetic fields and rf and dc
potential profiles are in reasonable agreement with the experimental electron distributions.
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I. INTRODUCTION

Inductively coupled plasmas~ICPs! are widely used for
semiconductor processing and lighting technology. In th
applications, ICPs are produced in a variety of gas mixtu
at pressures between a fraction of a mTorr and hundred
mTorr in chambers with characteristic sizes 1–10 cm us
both continuum and pulsed power operating regimes.
ICPs have been driven over a wide range of frequen
varying from tens of Hz to tens of mHz@1#. At low frequen-
cies, ferromagnetic cores have to be used to enhance
magnetic field. A wide variety of sources with different co
geometry have been developed including cylindrical sp
and stove top planar coils driven at single or multiple f
quencies. Multicoil ICPs are being developed to maintai
spatially uniform plasma over large surfaces.

The physics of an ICP has been a subject of active
search in both industry and academia. It has been dem
strated that at low gas pressure, the electron kinetics ca
adequately described in terms of the total electron energ«
5w1eUe ~the sum of the kinetic energyw and the potential
energy in the dc electrostatic fieldeUe). Due to the very
small energy loss in elastic collisions of electrons with hea
neutrals, the total electron energy is an approximate invar
of the electron motion. Thus, in low pressure discharges,
electron energy probability function~EEPF! f 0 depends
solely on the total electron energy and EEPFs, measure
different spatial positions, coincide with each other wh
shifted by the local value of the electrostatic potential@2–4#.
This EEPF feature~referred as nonlocal kinetics! has been
observed in numerous experiments in capacitive and ind
tive rf discharges@5–12#. As a rule, the EEPFs deviate from
Maxwellian and often exhibit a complex structure depend
on the nature of the working gas and on specifics of
electromagnetic field interaction with electrons. In an IC
due to the relatively high degree of ionization, the body
the EEPF corresponding to electrons with energy less t
the excitation energy«* ~the elastic energy range! is often a
1063-651X/2001/64~2!/026406~10!/$20.00 64 0264
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Maxwellian distribution owing to Coulomb interaction
among electrons. In the inelastic energy range («.«* ) the
EEPF can be depleted compared to a Maxwellian distri
tion due to electron energy loss in excitation, ionization, a
~at the lowest gas pressure! due to the escape of fast ele
trons to the wall.

The main interaction of the electromagnetic field with t
plasma in inductive discharges takes place in the skin la
of thicknessd near the plasma boundary. Depending on g
pressure, plasma density, and driving frequency, the inte
tion of an electromagnetic field with plasma within the sk
layer can be local or nonlocal in nature. The collisional~or/
and very high frequency! regime, when electrons pas
through the skin layer with many collisions and/or spe
many rf field periods there@v th /d,(v21nea

2 )1/2#, is the do-
main of Joule heating and normal skin effect, wherev th
5(2Te /m)1/2 is the electron thermal velocity andnea is the
electron-atom collision frequency. The nearly collisionle
regime whenv th /d.(v21nea

2 )1/2 is the domain of nonloca
electrodynamics, anomalous skin effect@13#, and collision-
less electron heating@14,15#. Under the conditions of the
anomalous skin effect, the current induced by the rf elec
field is not determined solely by the local value of the rf fie
at that point, but depends also on the field profile in t
neighborhood of the point@16#.

Several hot plasma effects have been discovered rece
in weakly collisional ICPs, including nonmonotonic fiel
profiles @17# collisionless power dissipation@18–21#, nega-
tive power absorption@22#, etc. Peculiarities of collisionles
heating result in a specific frequency dependence of
EEPF in the weakly collisional regime@23#. Static magnetic
fields of only a few Gauss may result in a significant mo
fication of the rf field penetration into the plasma@24#. Weak
static magnetic fields can change the electron heating in
ICP @25# and influence the shape of the EEPF@26#.

Trends towards lower operating frequency are clearly r
ognizable in recent ICP developments@27–29#. Low fre-
quency operation reduces capacitive coupling and the tr
©2001 The American Physical Society06-1
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mission line effect in ICP inductors and leads
simplification and lower cost of rf power sources and mat
ing circuits. Scaling ICP sources to larger dimensions is a
simplified at low frequencies. The transition to lower oper
ing frequencies enriches the ICP physics due to enhance
of nonlinear interactions between electromagnetic fields
plasma electrons that are usually unimportant at the stan
industrial frequency 13.56 MHz.

Nonlinear effects in ICP are mainly caused by the rf Lo
entz forceFL5en@v3B# acting on electrons in the ski
layer. They bring about a variety of new phenomena d
cussed in recent literature, including generation of the sec
harmonic of the electrostatic potential@30# and rf current
@31,32#, and ponderomotive force effects on the spatial d
tribution of plasma density and the ambipolar potential@33#.
It has been shown@33# that ponderomotive effects in an IC
are much smaller than those given by classical formula
that a significant ponderomotive effect is possible only un
conditions of the anomalous skin effect.

A lower driving frequency results in augmentation of t
Lorentz force produced by an rf magnetic field. At freque
cies below 1 MHz, the Lorentz force can be much larger th
the electric force produced by the induced electric field@33#.
In an ICP, the Lorentz force is mainly directed normal to t
plasma boundary and has a time-independent componen
an oscillating component at twice the driving frequency. T
time-independent component represents a ponderomo
~Miller ! force that pushes electrons and ions out of the s
layer. This force can be described in terms of a pondero
tive potentialUp , (Fp52en¹Up). By adding this potential
to the electrostatic~ambipolar! potential, one can expect tha
the EEPF becomes a function of the new total electron
ergy, f 05 f 0(w,Ue ,Up). In a macroscopic sense, this corr
sponds to a ponderomotive modification of the plasma d
sity n and electrical~ambipolar! potentialUe , demonstrated
recently for a low pressure, low frequency ICP@33#. In this
paper we present results of an experimental and theore
study of EEPFs in a low pressure ICP at low driving freque
cies where substantial deviations from the ‘‘usual’’ EEP
behavior are observed in the skin layer.

II. EXPERIMENTAL SETUP AND MEASUREMENT
TECHNIQUE

The EEDF measurements were carried out in a cylindr
ICP chamber~20 cm in diameter and 10.5 cm in length! with
a quartz window and a planar induction coil shown in Fig
and described in detail in Ref.@34#. The measurements wer
made in an ICP driven atv/2p50.45 and 0.9 MHz in argon
at a pressure of 1 mTorr where nonlinear phenomena are
expressed. For comparison, similar measurements were
for 3.39 and 6.78 MHz where nonlinear effects on the EE
were negligible. The discharge power dissipated in
plasma was found by accounting for losses in the induc
coil and the matching circuit@34#. The discharge power wa
kept constant in these experiments at a level of 200 W.
ICP inductor coil and matching circuit were somewhat d
ferent for low frequencies~0.45 and 0.9 MHz! and for high
frequencies~3.39 and 6.78 MHz!. For all frequencies, the
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induction coil had the same geometry and dimensions~3.8
cm ID and 12.7 cm OD!, and was placed at the same distan
from the window. For low operating frequency, the coil co
sisted of 20 turns of litz wire, while for high operating fre
quency the coil had only five turns as described in Ref.@34#.

Langmuir probe measurements of the EEPF have b
carried out in this ICP along its axial direction at the d
charge axis (r 50) and at a fixed radial position (r
54 cm) corresponding to maxima in the radial distributio
of the radial rf magnetic field,Brv(r ) and the radial distri-
butions of the azimuthal rf electric field,Eu v(r ). The mea-
surements were made using our Langmuir probe station@35#.
Low frequency noise suppression, probe circuit resista
compensation, ensemble averaging, and digital proces
with adaptive filtering were implemented there to achie
high quality EEPF measurements. The basic plasma par
eters, plasma densityn, effective electron temperatureTe ,
and electron-atom collision frequencynea were found as cor-
responding integrals of the EEPF. Additionally, a tw
dimensional differential magnetic probe@17,36# was used to
evaluate the axial distributions of the azimuthal rf elect
field Eu v(z) and the current densityJu v(z) at a fixed radial
position,r 54 cm.

Since capacitive coupling was negligible in low frequen
operation, no electrostatic screen between the coil
plasma was needed to attain a low rf plasma potential r
tive to the ground. The measurement of rf plasma poten
Vr f in the plasma@34# showed that for high frequencie
~3.39–13.56 MHz!, Vr f was much smaller than the electro
temperatureTe . But at low operating frequencies, conside
able oscillations of the electrostatic potential in the skin la
were observed@30#, with the second harmonic potentialV2v

~shown in Fig. 2! being two orders of magnitude larger tha
the fundamental and all other harmonics. However, in

FIG. 1. Experimental ICP chamber and rf compensated pr
circuitry.
6-2
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LORENTZ FORCE EFFECTS ON THE ELECTRON . . . PHYSICAL REVIEW E64 026406
bulk plasma, far away from the skin layer,V2v was much
smaller than the electron temperature (Te56 –7 eV) and
there was no need to rf compensate the probe to obtain
distorted probe measurements outside the skin layer.

Since the large gradient ofV2v in the skin layer much
exceeded the azimuthal rf electric field@30#, it was impos-
sible to achieve rf compensation of the probe with traditio
means@35,37#. A relatively large floating electrode neede
for rf shunting of the measurement probe would result
unacceptable distortion of the rf field and rf current in t
skin layer. To solve this specific problem we developed a
compensated double probe and corresponding circu
shown in Fig. 1. Drastic reduction in the impedance of
shunting electrode ~probe! relative to plasma @about
(m/M )1/2 times, wherem and M are the electron and ion
masses# was achieved by biasing it positively. This allowe
for a significant reduction of the shunting electrode to
size of the small Langmuir probe.

The probe system shown in Fig. 1 consists of two eq
thin cylindrical tungsten wires (l p55 mm, r p50.05 mm!
oriented in the plane of constantz and directed along azi
muthal rf electric fieldEu v . Both probes are fitted to a
quartz two-bore capillary having outer diameter of 0.5 m
and extended length of 2 cm. The capillary is built into
stainless steel tube shaft having diameter of 1.6 mm, in
discharge chamber and 6.35 mm outside the chamber,
fixed on a vacuum-sealed moving stage allowing axial d
placement of the probe. It is imperative to keep the pro
holder ~quartz capillary and shaft part penetrating t
plasma! as thin as possible to minimize local and glob
plasma disturbance. At the end of the probe shaft~outside the
discharge chamber! the probe leads were sealed in epoxy a
connected to a metal filter box containing a two-chan
resonant transformer filter~shown in Fig. 1! tuned to the
second harmonic of the driving frequency, 2v. After the fil-
ter, the probe leads were connected, respectively, to a dc
voltage source and to the probe station.

The probe system operates as following. One of the pr
wire works as a measuring Langmuir probe, while the s
ond serves as a shunting probe equalizing the rf potentia
the measuring probe to the plasma rf potentialVr f . That is
achieved by biasing the reference probe to the dc pla
potential ~where probe resistance to plasma is minimal a
its coupling to plasma is maximal! and by inductive coupling

FIG. 2. Polarization rf potentialV2v in the skin layer@30#.
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the two probes with a 1:1 resonant transformer as show
Fig. 1. The transformer consists of two bifilar windings~hav-
ing inductances L1 and L2) on a ferrite pot core and, there
fore, provides an ideal coupling betweenL1 and L2 ~the rf
voltage across each winding is equal to each other!. Thus, for
rf signal, both windings work in parallel as a single coil wi
inductanceL5L15L2. Being resonant with capacitorsC1
and C3 , C4 and the probe wires capacitanceCp to the
grounded probe shaft (C35C4@C1'Cp), this inductance
forms a resonant tank filter with its resistanceRf'2QvL;
whereQ is theQ factor of the resonant circuit. In our exper
mentRf was about 380 and 520 kV, corresponding to 0.45
and 0.9 MHz, while the impedance of the shunting probeRpo
for the lowest plasma density in the skin layer (nmin'3
31010 cm23) was about 20 kV. In the worst case of the
largest rf plasma potential (Vr f '10 V) and the smallest fil-
ter resistanceRf , the rf voltage in the sheath of the measu
ing probe,Vsh5Vr f Rpo /(Rf1Rpo)50.5 V, which was neg-
ligibly small compared with the electron temperatu
measured in the skin layer,Te57 eV. Thus, the condition of
an EEDF measurement, undistorted by rf voltageVsh
,0.3Te /e, @37,38#, was met in this experiment. Here an
throughout the paper we use rms values for all oscillat
quantities.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Prior to discussing experimental results, let us briefly d
scribe specific features of our ICP at a low operating f
quency. At 1 mTorr the discharge is close to the ion free p
regime (l i.L,R) with an electron mean free pathle being
much larger than the chamber lengthL and radiusR. At this
condition the ICP operates in a strongly nonlocal regi
~anomalous skin effect!. Due to the low driving frequency
plasma screening has little effect on the electromagnetic fi
distribution, which is mainly defined by the chamber geo
etry. The electromagnetic field distribution with plasma
similar to that in vacuum with characteristic scale for t
field decay d'd052.42 cm'R/3.8352.61 cm, corre-
sponding to the rf electric field distribution in the vacuu
chamber@14,39#. Hered0 is the characteristic length of th
electric field decay in empty chamber. At 200 W and
mTorr, the plasma density and electron temperature in
plasma center (r 50, z55 cm) were 1.331011 cm23 and 6
eV, respectively. These same parameters in the middle of
plasma active zone (r 54 cm, z51 cm) were about 5
31010 cm23 and 7 eV, respectively. From magnetic pro
measurements we found thatvB

2@v21nea
2 in the skin layer

@33,40,41#, wherevB5eBv /m is the electron cyclotron fre-
quency andBv is the dominant~radial! component of rf
magnetic field in the skin layer. This means that the non
ear Lorentz forceFL5en@vv3Bv# greatly exceeds the elec
tric forceFE5enEv , wherevv is the electron rf drift veloc-
ity. Thus, under conditions of our experiment, the skin effe
in the ICP was not only anomalous but also nonline
@15,32,33,40,41#.

The electron energy distributions measured at the a
position of maximal plasma density and in the middle of t
skin layer (z51 cm from the window!, at a fixed radial
6-3
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position (r 54 cm) are shown in Fig. 3 for different fre
quencies. The electron energy distribution is given in ter
of the EEPF,f 0(«) plotted against the total electron ener
«5w1eUe . The EEPF as a function of the electron kine
energy f 0(w) is proportional to the measured seco
derivative of the probe characteristicI p(V), f 0(w)
}d2I p /dV2. The plasma potential is defined as the pro
potential where the second derivative of the probe charac
istic crosses zero.

As seen in Fig. 3, the shapes of EEPFs in the ela
energy range («,«* ), measured atr 54 cm, in the point of
the maximum plasma density, evolve from concave at h
frequency~with a low energy peak! to convex at low fre-
quency. The EEPFs measured atr 50 for low frequencies
~not shown here! are essentially Maxwellian in the elast
energy range. An enhancement of the EEPF at low elec
energy at high frequency is a result of nonlocal electron
netics specific to electron interactions with electromagn
fields under conditions of the anomalous skin effect analy
in @23#. At lower frequency, more low energy electrons pa
ticipate in the heating process in the skin layer resulting
higher temperature and the disappearance of the low en
peak in the EEPF.

In the inelastic energy range («.«* ) the EEPF slope
increases starting at about 20 eV. A depletion of the EE
with high energy electrons is due to ionization and fast el
tron escape to the chamber walls whose potential is abou
V lower than the plasma potential. Such an EEPF structur
inelastic energy range is typical for dc and rf discharges
the Tonks-Langmuir regime (l i.R,L) when direct ioniza-

FIG. 3. EEPF measured for 0.45, 0.9, 3.39 and 6.78 MHz at
position of maximum plasma density (z5z* ,r 54 cm) and in the
skin layer (z51 cm, r 54 cm!.
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tion and escape to the wall are the major channels of
electron loss. At higher pressure and/or larger chamber
~for our experimental device, at argon pressure about
mTorr and higher!, the EEPF depletion starts when the ele
tron energy is close to the excitation energy«* .

The EEPF measured at 3.39 and 6.78 MHz in differ
spatial positions~thus, at different plasma potentialUe)
closely coincide for«.eUe and¹ f 0(r ,«)'0. This is a very
common feature of bounded gas discharge plasmas at
gas pressure when the electron energy relaxation lengt
much larger than plasma size and is a consequence of
local electron kinetics@2–4#. A small divergence inf 0(r ,«)
in the vicinity of plasma potential~small electron kinetic
energy! measured close to the window is typical for pro
measurements at the ICP plasma boundary where a stro
field is present, and is probably caused by relatively la
directed velocity of low energy electronsvv approaching
their thermal velocity.

A different EEPF evolution in the skin layer is seen
Fig. 3 for low driving frequencies 0.45 and 0.9 MHz. Here
significant difference is found for EEPFs measured at diff
ent positions, although the plasma potential difference
tween them is negligibly small, while the corresponding p
tential difference for both 3.39 and 6.78 MHz is about 2.0
Note that the EEPFs corresponding to the maximum plas
density, measured at low frequencies are shifted from«50,
while the EEPFs measured at high frequencies begin f
«50. This suggests that at low frequencies the maxim
plasma density does not coincide with the minimum in t
potential energyeUe50.

Shown in Fig. 3, the EEPFs measured at low frequenc

FIG. 4. Axial evolution EEPF at different radial positions fo
0.45 MHz.
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look as if they were heavily distorted by the rf voltage acro
the probe sheath. But the rf filtering in the probe circuit w
thoroughly addressed in this experiment and the prob
voltage was much less than that needed for undistorted E
measurement. Note rf probe distortion usually affects
EEPF in the vicinity of the plasma potential and does
change the slope of the EEPF for medium and high elec
energies. However, the EEPFs measured in the skin lay
low frequencies diverge over a wide range of electron en
gies, although the divergence is largest for low energy e
trons.

The EEPFs measured along axial direction atr 54 cm
and on the discharge center (r 50) are shown in Figs. 4 and
5, correspondingly, for 0.45 and 0.9 MHz. Here, the EEP
measured between the active plasma boundaryz
50.2 cm) and the position of maximum plasma densityz
5z* ) are given on the left side, while the EEPFs measu
between z* and the pointz59.2 cm, near the passiv
plasma boundary, are given on the right side. The EEPF
vergence takes place only in the area of large electrom
netic field (r 54 cm andz,z* ), while atz.z* and every-
where on the discharge central axis (r 50), where there is no
electric field, the EEPFs measured at different positions
plasma potentials, coincide with each other. Similar meas
ments at high frequencies~see Fig. 6! did not show a con-
siderable EEPF divergence in the skin layer, although th
field there was larger than that at low frequencies. Meas
ments at lower discharge power showed an even large
vergence of EEPFs measured within the skin layer altho
the rf field in the skin layer was somewhat smaller at lo
power. This is shown in Fig. 7 for ICP at 50 W and 0.9 MH
The weaker divergence at high discharge power~high plasma

FIG. 5. Axial evolution EEPF at different radial positions for 0
MHz.
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density! could be explained by enhanced electron-elect
collisions (nee}n) leading to EEPF Maxwellization.

The divergence of EEPFs in the skin layer of a low fr
quency ICP can be interpreted as the result of ponderomo
effect caused by the nonlinear Lorentz forceFL5en@vv

3Bv#. Indeed, since in a cylindrical ICP,Euv52dvBrv

and, due to the Ramsauer effect and stochastic electron h
ing, the azimuthal rf electric fieldEuv ~and so the rf drift
velocity vuv) is a weak function of the frequency@42#, the
ponderomotive force is nearly inversely proportionally to t
driving frequency. It has been shown in calculations@43# that
the ponderomotive effect is negligibly small at the industr
frequency 13.56 MHz but may be significant at lower fr
quencies.

The ponderomotive modification of the ambipolar pote
tial Ue and the plasma densityn distributions in our ICP
operated at 1 mTorr of argon gas, at 0.45 MHz has b
demonstrated earlier@33# and is illustrated in Fig. 8. Pre
sented here are the axial distributions ofUe(z) andn(z) at
r 54 cm andr 50; the plasma density was found by int
gration of the experimental EEPF given in Fig. 4. At lo
frequency, 0.45 MHz, the distributions are asymmetric re
tive to the discharge mid plane, and the positionz* of the
maximum electron density, and the positionz8 of minimum
ambipolar potential, do not coincide, while at high frequen
6.78 MHz, both distributions are rather symmetrical, w
z* 5z8, @33#. The shift betweenz* andz8 in the skin layer at

FIG. 6. Axial evolution EEPF atr 54 cm for 3.39 MHz.

FIG. 7. Axial evolution EEPF atr 54 cm for 0.9 MHz, 50 W.
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r 54 cm, implies an additional ponderomotive forceFp
52endUp /dz in the plasma equilibrium balance:

Te

dn

dz
1en

dUe

dz
1en

dUp

dz
50 ~1!

whose solution is

n5n0 exp~2eUth!, ~2!

whereUth5Ue1Up5(Te /e)ln(n0 /n) is the plasma therma
potential. In the absence of the ponderomotive force (Up
50), Eq.~2! reduces to the conventional Boltzmann equil
rium equation (Uth5Ue). The quantitiesUth andUe found
in experiment@33# are plotted in Fig. 9 forr 54 cm andr
50. The disparity betweenUth andUe are clearly seen in the
skin layer (r 54 cm), while far away of skin layer wher
electromagnetic field is negligibly small, as well as along
discharge axis wherevu v50, the Boltzmann equilibrium is
well satisfied (Uth5Ue). This observation suggests that
considerable ponderomotive effect does exist in our ICP
erated at low pressure and low frequency.

According to the main principle of nonlocal electron k
netics, the EEPF in the presence of ponderomotive pote
Up should be a function of the total electron energy inclu
ing Up , f 0(«)5 f 0(w1Ue1Up). This explains the shift in
the energy of the EEPFs measured in the skin layer show
Figs. 3–5. The change in the shape of EEPFs measure
different positions within the skin layer could be explain
by the dependence ofUp on electron kinetic energy and b
ponderomotive force acting in the radial direction due to
axial component of the rf magnetic fieldBzv that drives slow
electrons~both inwards and outwards! from the positionr
54 cm corresponding to maximum rf field.

FIG. 8. Plasma density and potential distribution at differe
radial positions for 0.45 MHz, 1 mTorr, 200 W@33#.
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A qualitative explanation of the ponderomotive force e
fect on the EEPF can be offered as follows. The ponderom
tive force in an ICP is mainly the averaged Lorentz force t
is proportional to the rf current. Under conditions of th
anomalous skin effect, due to thermal electron motion~rf
current diffusion!, the rf current in the skin layer is smalle
than that given by the cold~local! plasma theory. The highe
the electron thermal velocity is, the smaller the rf curre
and Lorentz force are in the skin layer compared to th
given by the local theory. Thus, thermal electron motion
duces the ponderomotive force mainly for slow electrons a
therefore EEDF in the skin layer should be depleted of sl
electrons.

It is interesting to note that the ponderomotive poten
~averaged over electron ensemble! found from Fig. 9 as the
difference betweenUth andUe appeared to be considerab
less than that following from the classical formula for th
ponderomotive force derived in the cold plasma~local! ap-
proximation. The expression for ponderomotive force in
nonlocal regime (v th /d@v,nea) have been obtained in@44#,
where it has been shown that ponderomotive force in ano
lous skin layer is aboutv th /dv times smaller than that in the
local regime.

IV. THEORY

A straightforward calculation of the electron energy d
tribution in a cylindrical low pressure, low frequency IC
featuring nonlocal kinetics, nonlocal and nonlinear elect
dynamics requires the solution of a spatially inhomogeneo
time-dependent, and multidimensional Boltzmann equat
which is still today a tremendous task. Among the metho

t

FIG. 9. Plasma thermal and electrical potential at different rad
positions for 0.45 MHz, 1 mTorr, 200 W@33#.
6-6
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of solving the Boltzmann equation are particle-in-cell~PIC!
methods with Monte Carlo collisions@45#, deterministic fi-
nite difference methods@46#, and semianalytical method
@47#. PIC methods suffer from statistical noise and EE
‘‘tails’’ are rarely shown in PIC simulations. Deterministi
methods resolve all points in phase space with equal a
racy. Currently, they require reducing the dimensionality
the problem by using certain approximations. A commo
used approximation is a two-term spherical harmonic exp
sion in velocity space that reduces the Boltzmann kine
equation to a Fokker-Planck equation for an isotropic par
the electron velocity distribution function~EVDF! in a four-
dimensional space~3D1V!. This approach is adequate for th
treatment of the majority of electrons in collisional or ve
high frequency discharges where the EVDF is weakly an
tropic. Both, high frequency and low frequency~or pulsed
power! regimes could well be simulated by this method
long as plasma can be adequately described by local ele
dynamics when electron current is a local function of t
electromagnetic fields. This corresponds to a collision do
nated plasma or to a high frequency regime, whend
@v th /(nea

2 1v2)1/2, ~normal skin effect!. In this regime of
local electrodynamics the isotropic part of the EVDF,f 0 is
nonlocal, it is defined by the electric field profiles in th
space~around the given point! having scale of the order o
electron energy relaxation length, while the anisotropic p
of EVDF, f1 is a local function of electromagnetic field.

For a weakly collisional plasma whend!v th /(nea
2

1v2)1/2, ~domain of nonlocal electrodynamics, anomalo
skin effect!, the two-term spherical harmonic expansion
not entirely adequate because it implies a local relations
between electron current and electromagnetic field. Ho
ever, as long as the field effect may be considered a s
perturbation, the EVDF subdivision into a time-independ
isotropic partf 0 and a small oscillating anisotropic additio
f1 remains valid. In a weakly collisional warm plasma, t
perturbed part of the EVDF,f1, is also nonlocal, it is strongly
affected by the thermal electron motion and depends on fi
distributions in a vicinity of a given point with dimensions o
the order of electron mean free pathl5v th /nea . The isotro-
pic part f 0 may be found~similarly to that in the local elec-
trodynamics regime! from a spatially averaged kinetic equ
tion and depends solely on the total electron energy. Th
using this method, the complexity of the problem is reduc
to calculation of the perturbed part of the EVDF that in ge
eral case still requires solution of a multidimensional kine
equation. However, for several one-dimensional cases
lytical solutions have been obtained and proved to be us
for the analysis of stochastic electron heating, anomal
skin effect, and other warm plasma effects observed rece
in weakly collisional ICP discharges.

The traditional perturbation methods are not valid for t
EDF treatment in a weakly collisional ICP at low frequen
because the perturbed part of the EVDF cannot be con
ered as a small perturbation. Indeed, with decreasing fi
frequency, the amplitude of the electron velocity oscillati
in the induced electric field may become comparable to
larger than the thermal electron velocity. Moreover, atv
,vv /d, the Lorentz force becomes even large than the e
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tric force @33#. Thus, substantial perturbations of the EVD
must be expected and the two-term expansion of the EV
is no longer valid.

Of primary interest to this paper is the case when the i
do not respond to the field oscillations (v.vs /d'2.3
3105 s21), forming a steady positively charged bac
ground, whereas the electrons follow the field oscillatio
Here vs5(Te /M )1/2 is the ion sound speed. The Loren
force in the skin layer produces electron displacement in
direction normal to the plasma boundary~z direction!, induc-
ing the polarization electrostatic potential of frequency 2v
with the corresponding electric field in axial directionEz2v

being much larger than the azimuthal electric fieldEuv that
maintains the discharge@30#. In a sense, ICPs in this regim
resemble capacitively coupled plasmas~CCP! since the elec-
tromagnetic force is mainly acting normal to the plasm
boundary. A quantitative description of electron kinetics
this regime requires solution of the time-dependent Bo
mann equation in a~2D3V! formulation where the two spa
tial dimensions are radial and axial position, and the th
velocity components arevu , v r , andvz .

To describe qualitatively the observed depletion of t
EEPF by slow electrons in the skin layer, we use the
proach developed by Cohen and Rognlien in their calcula
of the ponderomotive effect and plasma polarization, cau
by the Lorentz force, in a ICP skin layer@48,49#. The main
idea of this approach is to utilize exact integrals of the c
lisionless electron motion and adiabatic invariants to obt
the EVDF in the skin layer from a given EVDF outside th
skin layer. They have obtained a one-dimensional analyt
solution to the collisionless Boltzmann equation in the s
layer using conservation of the canonical momentum a
existence of the longitudinal adiabatic invariant atv th /dv
@1. We shall use this solution to describe qualitatively t
observed EEPF in a two-dimensional ICP driven by a pla
coil.

Consider a planar case when the electromagnetic fi
have onlyBx andEy components and thez axis is directed
normal to the plasma boundary adjacent to the coil. This c
resembles the two-dimensional ICP driven by a planar c
whereBr andEu are the main field components in the sk
layer. The integral of the particle motion is the canonic
momentumpy5mvy2eAy , whereAy is the vector magnetic
potential. At low frequencies, using conservation of the lo
gitudinal adiabatic invariant, and assuming a Maxwelli
EEPF outside the skin layer, one obtains the electron velo
distribution functionf (uy ,uz ,z) in the skin layer:

f 5C3H exp~2uy
22uz

22F!, uz
22F12ucuy2uc

2.0

exp~2~uy2uc!
22F!, uz

22F12ucuy2uc
2,0.

~3!

Here F denotes dimensionless electrostatic potential
the plasma,F5eUe /Te , andC52np21/2Te

23/2. The upper
inequality in Eq.~3! corresponds to free electrons, the low
inequality corresponds to trapped electrons. Hereu5v/vc is
a dimensionless velocity,vc5eAy /m is the electron oscilla-
tory velocity, andAy(z,f) denotes the value of the vecto
magnetic potential at a pointz at the moment of electron’s
6-7
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reflection by electromagnetic forces. For a sinusoidal wa
Ay(z,f)}sinf. The electrostatic potentialF has a time-
independent~dc! component and a component at 2v. The
oscillating component ofF builds up to maintain the
quasineutrality of the plasma in the skin layer. The ion d
placement in the skin layer during the rf period is negligib
for an rf field period smaller than the ion transit time throu
the skin layer. Thus, ions form an immobile backgrou
whereas the electrons respond to the instantaneous valu
the electromagnetic forces oscillating along the azimut
direction with frequencyv and in the axial direction with
frequency 2v.

Figure 10 shows the EVDF given by Eq.~3! for
F(z,f)50. It is seen that the EVDF is depleted with respe
to a Maxwellian EVDF at low velocitiesu,uc . The deple-
tion occurs only in the skin layer and results in an anisotro
~theuy anduz velocity components are affected in a differe

FIG. 10. The EVDF~f/C! given by Eq. 3 forF(z,f)50.

FIG. 11. Instant values of the EVDF in theuy50 anduz50
planes,f (uz,0,z,f), andf (0,uz ,z,f) at a pointz in the skin layer at
a momentt5f/v of maximum amplitude ofA(z,f), and a result
of the EVDF averaging over angle in velocity spacef 0(u,z,f).
02640
e,

-

of
l

t

y

manner! and a time dependency of the EVDF~since the vec-
tor magnetic potentialAy oscillates in time!. To calculate the
time independent isotropic part of the EVDF,f 0 that corre-
sponds to the EEPF,f 0 measured in the experiments, th
EVDF given by Eq.~3! was averaged over a rf period an
over anglef in the velocity spaceuy , uz . Figures 11 and 12
illustrate the procedure of averaging. Figure 11 shows ins
taneous values of the velocity distribution in theuy50 and
uz50 planes,f (uy,0,z,f) and f (0,uz ,z,f) at a pointz in the
skin layer at a momentt5f/v of maximum amplitude of
A(z,f), as well as a result of the EVDF averaging ov
angle in velocity spacef 0(u,z,f); Figure 12 shows the ve
locity distributions in theuy50 anduz50 planes, averaged

FIG. 12. Averaged over rf period EVDFs in theuy50 anduz

50 planes and the isotropic part of the EVDF,f 0 obtained by
numerical integration of the EVDF given by Eq.~3!.

FIG. 13. Calculated EEPFs at different axial positions for f
quencies 0.45, 0.9, 3.4, and 6.8 MHz.
6-8
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over an rf period, as well as the isotropic part of the EVD
f 0 obtained by numerical integration of the EVDF given
Eq. ~3!. It is seen thatf 0 is depleted at low energy compare
to a Maxwellian distribution.

The calculated EEPFs,f 0 for 0.45, 0.9, 3.4, and 6.8 MHz
are shown in Fig. 13. The electron densityn and temperature
Te used in the calculations, as well as the spatial distributi
of the electromagnetic fieldsEu v , Brv , and electrostatic
potential F ~dc and oscillating parts! were taken from the
experiment@30,33# partly given in Figs. 2 and 8. The exper
mentally observed distributions of the azimuthal rf elect
field and oscillating part of the electrostatic potential we
described by the formula

Eu v~z!5E0 exp~2z/dv!,

Fz2v5F0 exp~2z/d2v!,

whereE0 and F0 are the azimuthal electric fieldEu v and
normalized polarization potentialFz2v at the plasma bound
ary (z50), and d2v is the characteristic decay length fo
Fz2v .

It is seen from the comparison of the experimental a
calculated results that the observed depletion is qualitativ
well reproduced by the theory. Different slopes for high e
ergy electrons in the experimental and theoretical EEPFs
due to the assumption~in calculation! of a Maxwellian dis-
tribution over the entire electron energy range.

The observed depletion of the EEPF in the skin layer i
result of two effects. The Lorentz force by itself~in the ab-
r-

rce

l.

ys

v

ch
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sence of the potential oscillations,Fz2v50! produces the
EEPF depletion in the low energy range starting at veloc
uc . In addition, the Lorentz force results in the oscillatin
potentialFz2v that produces a shift of the EEPF as a who
A rigorous quantitative description of the observed pheno
ena requires solution of the Boltzmann equation in the 2D
formulation.

V. CONCLUSIONS

An rf compensated Langmuir probe has been designed
measurement in rf plasmas with large rf field inhomogene
Measurements in the skin layer of a low pressure, and
frequency ICP revealed significant EEPF depletion at l
electron energy. The depletion was observed only at low
quencies, when conditions of anomalous and nonlinear s
effect are met. The EEPF depletion was interpreted as a p
deromotive effect caused by the Lorentz force affected
electron thermal motion. Under these conditions, the p
deromotive force in the skin layer mainly acts on low ener
electrons, thereby depleting the EEPF in this energy ran
The EEPF formation under condition of anomalous and n
linear skin effect was described using a simple analyti
theory based on the previous work of Cohen and Rognl
The EEPF behavior observed in experiment was qualitativ
well reproduced by a solution of a collisionless Boltzma
equation accounting for thermal and nonlinear effects due
Lorentz force and the presence of an oscillating polarizat
potential in the skin layer.
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