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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 f@@esed by the rf magnetic figldn 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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[. INTRODUCTION Maxwellian distribution owing to Coulomb interactions
among electrons. In the inelastic energy range £*) the
Inductively coupled plasmadCP9 are widely used for EEPF can be depleted compared to a Maxwellian distribu-
semiconductor processing and lighting technology. In theséon due to electron energy loss in excitation, ionization, and
applications, ICPs are produced in a variety of gas mixture$at the lowest gas pressiirdue to the escape of fast elec-
at pressures between a fraction of a mTorr and hundreds &fons to the wall.
mTorr in chambers with characteristic sizes 1-10 cm using The main interaction of the electromagnetic field with the
both continuum and pulsed power operating regimes. Th@lasma in inductive discharges takes place in the skin layer
ICPs have been driven over a wide range of frequencie8f thicknesss near the plasma boundary. Depending on gas
varying from tens of Hz to tens of mHA]. At low frequen- ~ pressure, plasma density, and driving frequency, the interac-
cies, ferromagnetic cores have to be used to enhance tli@n of an electromagnetic field with plasma within the skin
magnetic field. A wide variety of sources with different coil layer can be local or nonlocal in nature. The collisioef
geometry have been developed including cylindrical spiragnd very high frequengyregime, when electrons pass
and stove top planar coils driven at single or multiple fre-through the skin layer with many collisions and/or spend
quencies. Multicoil ICPs are being developed to maintain anany rf field periods therfu, / §< (w?+ v3,)*?], is the do-
spatially uniform plasma over large surfaces. main of Joule heating and normal skin effect, whekg
The physics of an ICP has been a subject of active re=(2T./m)? is the electron thermal velocity ang,, is the
search in both industry and academia. It has been demomrlectron-atom collision frequency. The nearly collisionless
strated that at low gas pressure, the electron kinetics can iegime wherv,/ 8> (w?+ v2,)*?is the domain of nonlocal
adequately described in terms of the total electron energy electrodynamics, anomalous skin eff¢&8], and collision-
=w+ eU, (the sum of the kinetic energy and the potential less electron heatin§l4,15. Under the conditions of the
energy in the dc electrostatic fielelUy). Due to the very anomalous skin effect, the current induced by the rf electric
small energy loss in elastic collisions of electrons with heawvyfield is not determined solely by the local value of the rf field
neutrals, the total electron energy is an approximate invariardt that point, but depends also on the field profile in the
of the electron motion. Thus, in low pressure discharges, thaeighborhood of the poirtL6].
electron energy probability functiodEEPB f, depends Several hot plasma effects have been discovered recently
solely on the total electron energy and EEPFs, measured at weakly collisional ICPs, including nonmonotonic field
different spatial positions, coincide with each other whenprofiles[17] collisionless power dissipatiofil8—-21], nega-
shifted by the local value of the electrostatic poteniat4].  tive power absorptiofi22], etc. Peculiarities of collisionless
This EEPF featurdreferred as nonlocal kinetichas been heating result in a specific frequency dependence of the
observed in numerous experiments in capacitive and indud&EPF in the weakly collisional regin{3]. Static magnetic
tive rf discharge$5-12. As a rule, the EEPFs deviate from fields of only a few Gauss may result in a significant modi-
Maxwellian and often exhibit a complex structure dependindfication of the rf field penetration into the plasi#d]. Weak
on the nature of the working gas and on specifics of thestatic magnetic fields can change the electron heating in an
electromagnetic field interaction with electrons. In an ICP,ICP[25] and influence the shape of the EEPZB).
due to the relatively high degree of ionization, the body of Trends towards lower operating frequency are clearly rec-
the EEPF corresponding to electrons with energy less thaagnizable in recent ICP developmer7-29. Low fre-
the excitation energy* (the elastic energy ranyés often a  quency operation reduces capacitive coupling and the trans-
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mission line effect in ICP inductors and leads to ]
simplification and lower cost of rf power sources and match-

ing circuits. Scaling ICP sources to larger dimensions is also
simplified at low frequencies. The transition to lower operat-

ing frequencies enriches the ICP physics due to enhancement

of nonlinear interactions between electromagnetic fields and
plasma electrons that are usually unimportant at the standard RF
industrial frequency 13.56 MHz.

Nonlinear effects in ICP are mainly caused by the rf Lor- ]
entz forceF  =envXB] acting on electrons in the skin [
layer. They bring about a variety of new phenomena dis- "

cussed in recent literature, including generation of the second
harmonic of the electrostatic potentig80] and rf current
[31,32, and ponderomotive force effects on the spatial dis-
tribution of plasma density and the ambipolar poteritsd]. SS OD=1.6 mm
It has been show[B3] that ponderomotive effects in an ICP 26M _—— ————
are much smaller than those given by classical formula and E===d ___:;j:____
that a significant ponderomotive effect is possible only under quarz  to dcbias L L
conditions of the anomalous skin effect. OD=0.5mm —uwdTu3 | 0.9MHz

A lower driving frequency results in augmentation of the L @ to probe WJOAS
Lorentz force produced by an rf magnetic field. At frequen- Z station c.T é J.EC
cies below 1 MHz, the Lorentz force can be much larger than z 3 1 2
the electric force produced b.y theilnduc':ed electric fje. FIG. 1. Experimental ICP chamber and rf compensated probe
In an ICP, the Lorentz force is mainly directed normal to the . .

. . circuitry.

plasma boundary and has a time-independent component ard”
an oscillating component at twice the driving frequency. Theinduction coil had the same geometry and dimensi8
time-independent component represents a ponderomotivn ID and 12.7 cm O and was placed at the same distance
(Ml”er) force that pUSheS electrons and ions out of the Skirfrom the window. For low operating frequency, the coil con-
layer. This force can be described in terms of a ponderomosisted of 20 turns of litz wire, while for high operating fre-
tive potentialu,,, (F,=—enVU,). By adding this potential quency the coil had only five turns as described in IRe4].
to the electrostaticambipolay potential, one can expect that | angmuir probe measurements of the EEPF have been
the EEPF becomes a function of the new total electron encarried out in this ICP along its axial direction at the dis-
ergy, fo=fo(w,Ue,Up). In @ macroscopic sense, this corre- charge axis (=0) and at a fixed radial positionr (
sponds to a ponderomotive modification of the plasma den=4 cm) corresponding to maxima in the radial distributions
sity n and electricalambipolay potentialU., demonstrated of the radial rf magnetic fieldB,,(r) and the radial distri-
recently for a low pressure, low frequency ICE3]. In this  pytions of the azimuthal rf electric field&, ,(r). The mea-
paper we present results of an experimental and theoretica|;rements were made using our Langmuir probe sta86h
study of EEPFs in a low pressure ICP at low driving frequen ow frequency noise suppression, probe circuit resistance
cles Where SUbStanual.deVlauons from the “usual” EEPFcompenSation, ensemble averaging' and d|g|ta| processing
behavior are observed in the skin layer. with adaptive filtering were implemented there to achieve
high quality EEPF measurements. The basic plasma param-
eters, plasma density, effective electron temperaturg,,
and electron-atom collision frequeney, were found as cor-
responding integrals of the EEPF. Additionally, a two-

The EEDF measurements were carried out in a cylindricatlimensional differential magnetic prop&7,36 was used to
ICP chamber20 cm in diameter and 10.5 cm in lengthith evaluate the axial distributions of the azimuthal rf electric
a quartz window and a planar induction coil shown in Fig. 1field E, ,(z) and the current density, ,(z) at a fixed radial
and described in detail in R€f34]. The measurements were position,r=4 cm.
made in an ICP driven ab/27=0.45 and 0.9 MHz in argon Since capacitive coupling was negligible in low frequency
at a pressure of 1 mTorr where nonlinear phenomena are weiperation, no electrostatic screen between the coil and
expressed. For comparison, similar measurements were dopi&asma was needed to attain a low rf plasma potential rela-
for 3.39 and 6.78 MHz where nonlinear effects on the EEPRive to the ground. The measurement of rf plasma potential
were negligible. The discharge power dissipated in theV,; in the plasma[34] showed that for high frequencies
plasma was found by accounting for losses in the inductof3.39-13.56 MHg, V,; was much smaller than the electron
coil and the matching circu[t34]. The discharge power was temperaturel,. But at low operating frequencies, consider-
kept constant in these experiments at a level of 200 W. Thable oscillations of the electrostatic potential in the skin layer
ICP inductor coil and matching circuit were somewhat dif-were observedi30], with the second harmonic potentid},,
ferent for low frequencie$0.45 and 0.9 MHyand for high  (shown in Fig. 2 being two orders of magnitude larger than
frequencies(3.39 and 6.78 MHg For all frequencies, the the fundamental and all other harmonics. However, in the

Il. EXPERIMENTAL SETUP AND MEASUREMENT
TECHNIQUE
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. . . . . the two probes with a 1:1 resonant transformer as shown in
Fig. 1. The transformer consists of two bifilar windingev-

- ing inductances L and L,) on a ferrite pot core and, there-
0.45 MHz fore, provides an ideal coupling between andL, (the rf

0.9 voltage across each winding is equal to each 9tfigrus, for

34 rf signal, both windings work in parallel as a single coil with

’ inductanceL=L,;=L,. Being resonant with capacitoG,

and C;, C, and the probe wires capacitan€g, to the
grounded probe shaftQz=C,>C,~C,), this inductance

2 u
E' forms a resonant tank filter with its resistanRe~2QwL;
0 whereQ is theQ factor of the resonant circuit. In our experi-

(o]

»

second harmonic potential (V)

o 2 |4 S 8 10 mentR; was about 380 and 520(k corresponding to 0.45
axial position (cm) and 0.9 MHz, while the impedance of the shunting pree
FIG. 2. Polarization rf potentia¥,,, in the skin layef30]. for the lowest plasma density in the skin layary(,~3

X 10 cm %) was about 20 K. In the worst case of the
bulk plasma, far away from the skin layer,, was much largest rf plasma potentiaM(;~10 V) and the smallest fil-
smaller than the electron temperaturg,£6—-7 eV) and ter resistanc®;, the rf voltage in the sheath of the measur-
there was no need to rf compensate the probe to obtain umig probeVs,=VRy/(Rt+Ry,) =0.5 V, which was neg-
distorted probe measurements outside the skin layer. ligibly small compared with the electron temperature

Since the large gradient o&f,, in the skin layer much measured in the skin lay€f,=7 eV. Thus, the condition of
exceeded the azimuthal rf electric figl@0], it was impos- an EEDF measurement, undistorted by rf voltage,
sible to achieve rf compensation of the probe with traditional<0.3T./e, [37,38, was met in this experiment. Here and
means[35,37. A relatively large floating electrode needed throughout the paper we use rms values for all oscillatory
for rf shunting of the measurement probe would result inquantities.
unacceptable distortion of the rf field and rf current in the
skin layer. To solve this specific problem we developed a rf )|, EXPERIMENTAL RESULTS AND DISCUSSION
compensated double probe and corresponding circuitry
shown in Fig. 1. Drastic reduction in the impedance of the Prior to discussing experimental results, let us briefly de-
shunting electrode (probe relative to plasma [about scribe specific features of our ICP at a low operating fre-
(m/M)¥2 times, wherem and M are the electron and ion duency. At 1 mTorr the discharge is close to the ion free path
massebwas achieved by biasing it positively. This allowed regime ¢;>L,R) with an electron mean free paih being
for a significant reduction of the shunting electrode to themuch larger than the chamber lengtfand radiusR. At this
size of the small Langmuir probe. condition the ICP operates in a strongly nonlocal regime

The probe system shown in Fig. 1 consists of two equaf@nomalous skin effegt Due to the low driving frequency,
thin cylindrical tungsten wireslg=5 mm, r,=0.05 mm plasma screening has little effect on the electromagnetic field
oriented in the plane of constamtand directed along azi- distribution, which is mainly defined by the chamber geom-
muthal rf electric fieldE,,. Both probes are fitted to a €lry- The electromagnetic field distribution with plasma is
quartz two-bore capillary having outer diameter of 0.5 mmsimilar to that in vacuum with characteristic scale for the
and extended length of 2 cm. The capillary is built into afield decay 6~8,=2.42 cm~R/3.83=2.61 cm, corre-
stainless steel tube shaft having diameter of 1.6 mm, in théPonding to the rf electric field distribution in the vacuum
discharge chamber and 6.35 mm outside the chamber, afdtamber{14,39. Here &, is the characteristic length of the
fixed on a vacuum-sealed moving stage allowing axial dis€lectric field decay in empty chamber. At 200 W and 1
placement of the probe. It is imperative to keep the probénTorr, the plasma density and electron temperature in the
holder (quartz capillary and shaft part penetrating thePlasma centerr(=0,z=5 cm) were 1.%10" cm ®and 6
plasma as thin as possible to minimize local and global eV, respectively. These same parameters in the middle of the
plasma disturbance. At the end of the probe stwftside the Plasma active zoner=4 cm, z=1 cm) were about 5
discharge chambgthe probe leads were sealed in epoxy andx 10'° cm™2 and 7 eV, respectively. From magnetic probe
connected to a metal filter box containing a two-channemeasurements we found thag> w?+ vZ, in the skin layer
resonant transformer filtegshown in Fig. 1 tuned to the [33,40,41, wherewg=e€B,/m is the electron cyclotron fre-

second harmonic of the driving frequencyp 2After the fil-  quency andB, is the dominant(radia) component of rf
ter, the probe leads were connected, respectively, to a dc biasagnetic field in the skin layer. This means that the nonlin-
voltage source and to the probe station. ear Lorentz forcd- =en[v,XB,] greatly exceeds the elec-

The probe system operates as following. One of the prob#ric force Fe=enE,,, wherev,, is the electron rf drift veloc-
wire works as a measuring Langmuir probe, while the secity. Thus, under conditions of our experiment, the skin effect
ond serves as a shunting probe equalizing the rf potential dh the ICP was not only anomalous but also nonlinear
the measuring probe to the plasma rf potential . Thatis  [15,32,33,40,41L
achieved by biasing the reference probe to the dc plasma The electron energy distributions measured at the axial
potential (where probe resistance to plasma is minimal angoosition of maximal plasma density and in the middle of the
its coupling to plasma is maximaand by inductive coupling skin layer g=1 cm from the window; at a fixed radial
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FI_G‘ 3. EEPF measured for 0'4,5’ 0.9,3.39 and 6.78 MHZ atthe FIG. 4. Axial evolution EEPF at different radial positions for
position of maximum plasma densitg£z*,r=4 cm) and in the 0.45 MHz.
skin layer g=1 cm,r=4 cm). '

tion and escape to the wall are the major channels of fast

position (=4 cm) are shown in Fig. 3 for different fre- electron loss. At higher pressure and/or larger chamber size
quencies. The electron energy distribution is given in termgfor our experimental device, at argon pressure about 10
of the EEPFfy(¢) plotted against the total electron energy mTorr and higher the EEPF depletion starts when the elec-
e=w+eU,. The EEPF as a function of the electron kinetic tron energy is close to the excitation enekgy.
energy fo(w) is proportional to the measured second The EEPF measured at 3.39 and 6.78 MHz in different
derivative of the probe characteristi¢,(V), fo(w) spatial positions(thus, at different plasma potenti&l,)
ocdzlp/dvz. The plasma potential is defined as the probeclosely coincide foe>eU, andVfy(r,e)~0. This is a very
potential where the second derivative of the probe charactecommon feature of bounded gas discharge plasmas at low
istic crosses zero. gas pressure when the electron energy relaxation length is

As seen in Fig. 3, the shapes of EEPFs in the elasticnuch larger than plasma size and is a consequence of non-
energy range{<e*), measured at=4 cm, in the point of local electron kinetic$2—4]. A small divergence irfy(r,e)
the maximum plasma density, evolve from concave at highn the vicinity of plasma potentia(small electron kinetic
frequency(with a low energy pegkto convex at low fre- energy measured close to the window is typical for probe
guency. The EEPFs measuredrat0 for low frequencies measurements at the ICP plasma boundary where a strong rf
(not shown hereare essentially Maxwellian in the elastic field is present, and is probably caused by relatively large
energy range. An enhancement of the EEPF at low electrodirected velocity of low energy electrons, approaching
energy at high frequency is a result of nonlocal electron kitheir thermal velocity.
netics specific to electron interactions with electromagnetic A different EEPF evolution in the skin layer is seen in
fields under conditions of the anomalous skin effect analyzedFig. 3 for low driving frequencies 0.45 and 0.9 MHz. Here a
in [23]. At lower frequency, more low energy electrons par-significant difference is found for EEPFs measured at differ-
ticipate in the heating process in the skin layer resulting irent positions, although the plasma potential difference be-
higher temperature and the disappearance of the low energween them is negligibly small, while the corresponding po-
peak in the EEPF. tential difference for both 3.39 and 6.78 MHz is about 2.0 V.

In the inelastic energy ranges$¢*) the EEPF slope Note that the EEPFs corresponding to the maximum plasma
increases starting at about 20 eV. A depletion of the EEPEensity, measured at low frequencies are shifted feor0,
with high energy electrons is due to ionization and fast elecwhile the EEPFs measured at high frequencies begin from
tron escape to the chamber walls whose potential is about 24=0. This suggests that at low frequencies the maximum
V lower than the plasma potential. Such an EEPF structure iplasma density does not coincide with the minimum in the
inelastic energy range is typical for dc and rf discharges imotential energye U= 0.
the Tonks-Langmuir regimeN({>R,L) when direct ioniza- Shown in Fig. 3, the EEPFs measured at low frequencies
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3 7=3.5 om \ density could be explained by enhanced electron-electron

W 30 y collisions (ve.xn) leading to EEPF Maxwellization.

uj 10 20 - The divergence of EEPFs in the skin layer of a low fre-

05 " 0. qguency ICP can be interpreted as the result of ponderomotive
0.2 ' \ effect caused by the nonlinear Lorentz forEg=env,,
107 IR | XB,]. Indeed, since in a cylindrical ICE4,=— dwB,,,
0 10 20 30 10 20 30 and, due to the Ramsauer effect and stochastic electron heat-
electron energy (eV)  electron energy (V) ing, the azimuthal rf electric fieldE,,, (and so the rf drift
FIG. 5. Axial evolution EEPF at different radial positions for 0.9 velocity v(’w)_ IS a Weak func’uo_n of the frequen_cMZ], the

MHz. ponderomotive force is nearly inversely proportionally to the

driving frequency. It has been shown in calculatip#3] that
look as if they were heavily distorted by the rf voltage acrossthe ponderomotive effect is negligibly small at the industrial
the probe sheath. But the rf filtering in the probe circuit wasfrequency 13.56 MHz but may be significant at lower fre-
thoroughly addressed in this experiment and the probe rfuencies.
voltage was much less than that needed for undistorted EEPF The ponderomotive modification of the ambipolar poten-
measurement. Note rf probe distortion usually affects thejal U, and the plasma density distributions in our ICP
EEPF in the vicinity of the plasma potential and does notoperated at 1 mTorr of argon gas, at 0.45 MHz has been
change the slope of the EEPF for medium and high electrodemonstrated earligi33] and is illustrated in Fig. 8. Pre-
energies. However, the EEPFs measured in the skin layer gented here are the axial distributionslf(z) andn(z) at
low frequencies diverge over a wide range of electron enerr=4 cm andr=0; the plasma density was found by inte-
gies, although the divergence is largest for low energy elecgration of the experimental EEPF given in Fig. 4. At low
trons. frequency, 0.45 MHz, the distributions are asymmetric rela-
The EEPFs measured along axial directiorat4 ¢cm tive to the discharge mid plane, and the positnof the
and on the discharge center<0) are shown in Figs. 4 and maximum electron density, and the positiphof minimum
5, correspondingly, for 0.45 and 0.9 MHz. Here, the EEPFsaimbipolar potential, do not coincide, while at high frequency
measured between the active plasma boundag (6.78 MHz, both distributions are rather symmetrical, with
=0.2 cm) and the position of maximum plasma density ( z* =z', [33]. The shift betweea* andz’ in the skin layer at
=Zz*) are given on the left side, while the EEPFs measured
betweenz* and the pointz=9.2 cm, near the passive
plasma boundary, are given on the right side. The EEPF di-
vergence takes place only in the area of large electromag- 10°
netic field =4 cm andz<Zz*), while atz>z* and every- "";
where on the discharge central axis<0), where there is no G
electric field, the EEPFs measured at different positions and E>
plasma potentials, coincide with each other. Similar measure- Ii'l
E

T T T T T
900 kHz
r=4 cm
50w

T T T T T T
900 kHz
r=4cm
50W

ments at high frequencidsee Fig. 6 did not show a con- 35 7.0

siderable EEPF divergence in the skin layer, although the rf f-g ‘:f
field there was larger than that at low frequencies. Measure- 10’ 05

0.2
TN TN T N W Y | 1 I8 Y Y O N

0 10 20 300 10 20 30

ments at lower discharge power showed an even larger di-
vergence of EEPFs measured within the skin layer although

the rf field in the skin layer was somewhat smaller at low electron energy (eV) electron energy (eV)
power. This is shown in Fig. 7 for ICP at 50 W and 0.9 MHz.
The weaker divergence at high discharge pothggh plasma FIG. 7. Axial evolution EEPF at=4 cm for 0.9 MHz, 50 W.
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=—endU,/dzin the plasma equilibrium balance: o ) )
A qualitative explanation of the ponderomotive force ef-

dn dU, du, fect on the EEPF can be offered as follows. The ponderomo-
Te& + en; + en— = 0 (1) tive force in an ICP is mainly the averaged Lorentz force that
is proportional to the rf current. Under conditions of the
whose solution is anomalous skin effect, due to thermal electron mofidn
current diffusion, the rf current in the skin layer is smaller
n=ngexp(—eUy,), (2)  than that given by the coldocal) plasma theory. The higher

the electron thermal velocity is, the smaller the rf current,

whereU,=U+U,=(T./e)In(ny/n) is the plasma thermal and Lorentz force are in the skin layer compared to those
potential. In the absence of the ponderomotive fortk ( given by the local theory. Thus, thermal electron motion re-
=0), Eq.(2) reduces to the conventional Boltzmann equilib- duces the ponderomotive force mainly for slow electrons and
rium equation U,;,=U,). The quantitied,, andU, found therefore EEDF in the skin layer should be depleted of slow
in experimen{33] are plotted in Fig. 9 for=4 cm andr electrons.
=0. The disparity betweed,, andU,, are clearly seen in the It is interesting to note that the ponderomotive potential
skin layer ¢ =4 cm), while far away of skin layer where (averaged over electron ensembfeund from Fig. 9 as the
electromagnetic field is negligibly small, as well as along thedifference betweeiJ,, andU. appeared to be considerably
discharge axis where, ,=0, the Boltzmann equilibrium is less than that following from the classical formula for the
well satisfied U;;=U,). This observation suggests that a ponderomotive force derived in the cold plasfthecal) ap-
considerable ponderomotive effect does exist in our ICP opProximation. The expression for ponderomotive force in a
erated at low pressure and low frequency. nonlocal regime ¢,/ 6> w, ve,) have been obtained [44],

According to the main principle of nonlocal electron ki- Where it has been shown that ponderomotive force in anoma-
netics, the EEPF in the presence of ponderomotive potentid®us skin layer is about,/ o times smaller than that in the
U, should be a function of the total electron energy includ-local regime.
ing Uy, fo(e)=Ffo(w+Ue+Up). This explains the shift in
the energy of the EEPFs measured in the skin layer shown in
Figs. 3—-5. The change in the shape of EEPFs measured at
different positions within the skin layer could be explained A straightforward calculation of the electron energy dis-
by the dependence &f , on electron kinetic energy and by tribution in a cylindrical low pressure, low frequency ICP
ponderomotive force acting in the radial direction due to thefeaturing nonlocal kinetics, nonlocal and nonlinear electro-
axial component of the rf magnetic fieR},, that drives slow  dynamics requires the solution of a spatially inhomogeneous,

IV. THEORY

electrons(both inwards and outwargigrom the positionr
=4 cm corresponding to maximum rf field.

time-dependent, and multidimensional Boltzmann equation,
which is still today a tremendous task. Among the methods
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of solving the Boltzmann equation are particle-in-d&lIC)  tric force [33]. Thus, substantial perturbations of the EVDF
methods with Monte Carlo collisiong5], deterministic fi- must be expected and the two-term expansion of the EVDF
nite difference method$46], and semianalytical methods is no longer valid.
[47]. PIC methods suffer from statistical noise and EEPF Of primary interest to this paper is the case when the ions
“tails” are rarely shown in PIC simulations. Deterministic do not respond to the field oscillationsw$vs/5~2.3
methods resolve all points in phase space with equal accu<10® s '), forming a steady positively charged back-
racy. Currently, they require reducing the dimensionality ofground, whereas the electrons follow the field oscillations.
the problem by using certain approximations. A commonlyHere v=(T,/M)¥? is the ion sound speed. The Lorentz
used approximation is a two-term spherical harmonic expanforce in the skin layer produces electron displacement in the
sion in velocity space that reduces the Boltzmann kinetiairection normal to the plasma bounddgydirection, induc-
equation to a Fokker-Planck equation for an isotropic part ofng the polarization electrostatic potential of frequenay 2
the electron velocity distribution functiofieVDF) in a four-  with the corresponding electric field in axial directié,,,
dimensional spaceD1V). This approach is adequate for the being much larger than the azimuthal electric fi&lg, that
treatment of the majority of electrons in collisional or very maintains the dischard@0]. In a sense, ICPs in this regime
high frequency discharges where the EVDF is weakly anisoresemble capacitively coupled plasni&cP since the elec-
tropic. Both, high frequency and low frequentyr pulsed tromagnetic force is mainly acting normal to the plasma
powel regimes could well be simulated by this method asboundary. A quantitative description of electron kinetics in
long as plasma can be adequately described by local electrehis regime requires solution of the time-dependent Boltz-
dynamics when electron current is a local function of themann equation in £2D3V) formulation where the two spa-
electromagnetic fields. This corresponds to a collision domitial dimensions are radial and axial position, and the three
nated plasma or to a high frequency regime, wh&n velocity components are,, v,, andv,.
>0/ (v2a+ 0?) Y2, (normal skin effedt In this regime of To describe qualitatively the observed depletion of the
local electrodynamics the isotropic part of the EVDE,is  EEPF by slow electrons in the skin layer, we use the ap-
nonlocal, it is defined by the electric field profiles in the proach developed by Cohen and Rognlien in their calculation
space(around the given pointhaving scale of the order of of the ponderomotive effect and plasma polarization, caused
electron energy relaxation length, while the anisotropic parby the Lorentz force, in a ICP skin layg48,49. The main
of EVDF, f; is a local function of electromagnetic field. idea of this approach is to utilize exact integrals of the col-
For a weakly collisional plasma whed<uv,,/(v2, lisionless electron motion and adiabatic invariants to obtain
+ w?)Y2, (domain of nonlocal electrodynamics, anomalousthe EVDF in the skin layer from a given EVDF outside the
skin effecy, the two-term spherical harmonic expansion isskin layer. They have obtained a one-dimensional analytical
not entirely adequate because it implies a local relationshigolution to the collisionless Boltzmann equation in the skin
between electron current and electromagnetic field. Howlayer using conservation of the canonical momentum and
ever, as long as the field effect may be considered a smagixistence of the longitudinal adiabatic invariantvg/déw
perturbation, the EVDF subdivision into a time-independent>1. We shall use this solution to describe qualitatively the
isotropic partf, and a small oscillating anisotropic addition observed EEPF in a two-dimensional ICP driven by a planar
f, remains valid. In a weakly collisional warm plasma, the Coil.
perturbed part of the EVDF, is also nonlocal, itis strongly ~ Consider a planar case when the electromagnetic fields
affected by the thermal electron motion and depends on fielbave onlyB, andE, components and theaxis is directed
distributions in a vicinity of a given point with dimensions of normal to the plasma boundary adjacent to the coil. This case
the order of electron mean free patkvy,/ve,. The isotro-  resembles the two-dimensional ICP driven by a planar coil
pic partf, may be foundsimilarly to that in the local elec- WhereB, andE, are the main field components in the skin
trodynamics regimefrom a spatially averaged kinetic equa- layer. The integral of the particle motion is the canonical
tion and depends solely on the total electron energy. Thugnomentunp,=mo,—eA,, whereA, is the vector magnetic
using this method, the complexity of the problem is reduceddotential. At low frequencies, using conservation of the lon-
to calculation of the perturbed part of the EVDF that in gen-gitudinal adiabatic invariant, and assuming a Maxwellian
eral case still requires solution of a multidimensional kineticEEPF outside the skin layer, one obtains the electron velocity
equation. However, for several one-dimensional cases andlistribution functionf(uy,u,,z) in the skin layer:
lytical solutions have been obtained and proved to be useful

2 2 2 2
for the analysis of stochastic electron heating, anomalous, exp—uy—u;— ), uz = @+ 2ucly—uc=>0
skin effect, and other warm plasma effects observed recently exp(— (uy— U)’—®), uﬁ— D +2ucuUy,— u§< 0.
in weakly collisional ICP discharges. 3

The traditional perturbation methods are not valid for the
EDF treatment in a weakly collisional ICP at low frequency Here @ denotes dimensionless electrostatic potential in
because the perturbed part of the EVDF cannot be considhe plasma®=eU,/T,, andC=2n77‘1’2Tg3/2. The upper
ered as a small perturbation. Indeed, with decreasing fielthequality in Eq.(3) corresponds to free electrons, the lower
frequency, the amplitude of the electron velocity oscillationinequality corresponds to trapped electrons. Hera /v is
in the induced electric field may become comparable to oa dimensionless velocity,.=eA,/m is the electron oscilla-
larger than the thermal electron velocity. Moreover,«at tory velocity, andA,(z,¢) denotes the value of the vector
<v, /8, the Lorentz force becomes even large than the elecmagnetic potential at a poirtat the moment of electron’s
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FIG. 10. The EVDK{/C) given by Eq. 3 ford(z,$)=0.
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FIG. 12. Averaged over rf period EVDFs in thg=0 andu,
=0 planes and the isotropic part of the EVDIig obtained by
numerical integration of the EVDF given by E@®).

manney and a time dependency of the EVR$ince the vec-
tor magnetic potentiah, oscillates in timg To calculate the
time independent isotropic part of the EVDi, that corre-
sponds to the EEPH,; measured in the experiments, the

. . ) ) EVDF given by Eq.(3) was averaged over a rf period and
reflection by electromagnetic forces. For a sinusoidal waveg, q, angles in the velocity spacey, u,. Figures 11 and 12

Ay(z,¢)xsing. The electrostatic potentiab has a time-
independenidc) component and a component ab2The
oscillating component of® builds up to maintain the

illustrate the procedure of averaging. Figure 11 shows instan-
taneous values of the velocity distribution in thg=0 and
u,=0 planesf(uy,0z,¢) andf(0u,,z,¢) at a pointzin the

quasineutrality of the plasma in the skin layer. The ion dis-g;n layer at a momertt=/w of maximum amplitude of
placement in the skin layer during the rf period is negl|g|bIeA(Z'¢)’ as well as a result of the EVDF averaging over
for an rf field period smaller than the ion transit time throughangle in velocity spacé,(u,z,¢); Figure 12 shows the ve-
the skin layer. Thus, ions form an immobile backgroundkc))(];ity distributions in theu, =0 andu,=0 planes, averaged

whereas the electrons respond to the instantaneous values
the electromagnetic forces oscillating along the azimuthal
direction with frequencyw and in the axial direction with
frequency av.

Figure 10 shows the EVDF given by Ed3) for
®(z,4)=0. Itis seen that the EVDF is depleted with respect
to a Maxwellian EVDF at low velocities<u.. The deple-
tion occurs only in the skin layer and results in an anisotropy
(theu, andu, velocity components are affected in a different

1 L B

) — Isotropic Part
08F % -- 10 -
SN - O
/ \\ .-+ Maxwellian EDF

FIG. 11. Instant values of the EVDF in thg=0 andu,=0
planesf(u,,0z,¢), andf(0u,,z,¢) at a pointzin the skin layer at
a momentt = ¢/ w of maximum amplitude ofA(z,¢), and a result
of the EVDF averaging over angle in velocity spdgéu,z, ¢).
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over an rf period, as well as the isotropic part of the EVDF,sence of the potential oscillation®,,,=0) produces the

f, obtained by numerical integration of the EVDF given by EEPF depletion in the low energy range starting at velocity

Eqg. (3). Itis seen thaf is depleted at low energy compared u.. In addition, the Lorentz force results in the oscillating

to a Maxwellian distribution. potential®,,,, that produces a shift of the EEPF as a whole.
The calculated EEPF$g for 0.45, 0.9, 3.4, and 6.8 MHz A rigorous quantitative description of the observed phenom-

are shown in Fig. 13. The electron dengitgnd temperature ena requires solution of the Boltzmann equation in the 2D3V

T used in the calculations, as well as the spatial distributiongormulation.

of the electromagnetic fieldg,,, B,,, and electrostatic

potential ® (dc and oscillating parjswere taken from the

experimen{30,33 partly given in Figs. 2 and 8. The experi- V. CONCLUSIONS

mentally observed distributions of the azimuthal rf electric

field and oscillating part of the electrostatic potential were

described by the formula

An rf compensated Langmuir probe has been designed for
measurement in rf plasmas with large rf field inhomogeneity.
Measurements in the skin layer of a low pressure, and low

E,.(2)=Eoexp—2/5,), frequency ICP revealed significant EEPF depletion at low
electron energy. The depletion was observed only at low fre-
®,,,=Pgexp —2/8,,), quencies, when conditions of anomalous and nonlinear skin

effect are met. The EEPF depletion was interpreted as a pon-
whereEqy and ®, are the azimuthal electric fiele,, and  deromotive effect caused by the Lorentz force affected by
normalized polarization potentid},,,, at the plasma bound- electron thermal motion. Under these conditions, the pon-
ary (z=0), and é,,, is the characteristic decay length for deromotive force in the skin layer mainly acts on low energy
220 - electrons, thereby depleting the EEPF in this energy range.
It is seen from the comparison of the experimental andlThe EEPF formation under condition of anomalous and non-
calculated results that the observed depletion is qualitativeliinear skin effect was described using a simple analytical
well reproduced by the theory. Different slopes for high en-theory based on the previous work of Cohen and Rognlien.
ergy electrons in the experimental and theoretical EEPFs arehe EEPF behavior observed in experiment was qualitatively
due to the assumptiofin calculatior) of a Maxwellian dis-  well reproduced by a solution of a collisionless Boltzmann
tribution over the entire electron energy range. equation accounting for thermal and nonlinear effects due to
The observed depletion of the EEPF in the skin layer is d.orentz force and the presence of an oscillating polarization
result of two effects. The Lorentz force by itséifi the ab-  potential in the skin layer.
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