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INTRODUCTION

Inductive RF discharges or inductively coupled plasmas
(ICPs) continue to attract growing attention as effective
plasma sources in many industrial applications. Although
most practical ICPs operate at 13.56 MHz, the trend to
reduce the operation frequency is clearly recognizable in
recent ICP developments. Application of low frequencies
reduces capacitive coupling and transmission line effects and
leads to simplification and lowering cost of rf power sources
and matching circuits.

The transition to a lower operating frequency enriches the
ICP physics due to augm ion in the nc interaction
between the electromagnetic field and plasma that is usually
inessential at high operation frequency. The nonlincar effects
in ICP are mainly caused by RF Lorentz force, acling on
electrons in the discharge skin layer. They bring about a
variety of new cffects discussed in recent literature [1-11).

NONLINEAR FORCE

The origination of nonlinear effects in an rf plasma are due to
nonlinear convective part of the electron inertia force and the
Lorentz force, readily seen in the electron momentum
equation: )

mdv/dt + mv-Vv - ¢E - evxB + mvv = 0.

In electroded discharges, the nonlinear effects are usually
negligible. And only in intensive discharges with a high
current density, nonlinear forces become large enough to
affect the discharge itself. A well-known example of a
nonlinear effect is the plasma squeezing by the Lorentz force
in the current induced magnetic ficld (pinch effect).

In inductively coupled plasma (ICP) a considerable rf
magnetic field always exists (to maintaining rf plasma) even
at very small discharge current density. In the ICP skin
layer, where the major energy deposition to plasma takes
place, the rf magnetic field is mainly that induced by an
outside inductor current, while the discharge current tends to
cancel the cxternal magnetic field. Given in Fig. |, the
vector diagram of the fields shows the origination and

ic fields and currents at fundamental

It has been found that at this condition the Lorentz force in the discharge skin
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direction of the nonlinear Loremz force (NLF) in a
cylindrical ICP with a flat coil wound in the r-6 plane.
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As a product of the rf drift velocity and the rf magnetic
fields, the rf NLF has a second harmonic and a dc
(ponderomotive) components. For two-dimensional ICP,
the nonlinear Lorentz force has a potential as well a
solenoidal part [11], they are responsible for different
nonlinear effects. The potential part of NLF gives rise to
the second harmonic potential and to modification of the
plasma density and dc ambipolar potential in the ICP skin
layer. The solenoidal part of NLF (absent in one-
dimensional ICP models and in a non-dissipative plasma)
drives the second harmonic and dc current in the dircction
normal to the main discharge current at fundamental
frequency [10].

In the skin layer of an ICP with a flat coil, the main
component of rf magnetic field B is directed radially, while
the rf drift velocity v is directed azimuthally; B = B, = -
Ey/Sw and v = vy = eE¢/m(w’+v?)"?. On the other hand,
the rf electric field in ICP is a weak function of the
frequency and gas pressure. Thus, noticeable nonlinear
effects caused by the Lorentz force (proportional to B,vg)
are expected at low frequency and low gas pressure, where
both, the rf magnetic field and the rf drift velocity are large.
Here & is the skin depth and v is the effective electron
collision frequency accounting for both, collisional and
stochastic electron heating.
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EXPERIMENTAL SETUP

Experiments have been carried out in a cylindrical low
pressure argon ICP (diameter 2R = 20 cm and length L =
10.5 cm) with a quartz window separating a planar coil from

plasma, as shown in Fig. 2 and described in detail in Ref. 12.

To enhance nonlinear processes the driving frequency and
gas pressure were reduced, correspondingly, to 0.45 MHz
and 1 mTorr. At this pressure a nearly free flight regime
occurs for ions (A; = R, L) with the electron mean free path A,
being much larger than R and L.
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Fig. 2

The rf discharge was maintained at discharge power P = 200
W. The basic plasma parameters: n, T, rf and dc plasma
potential have been measurcd with a Langmuir probe moved
along the axial (z) direction. Measurements were made on
the discharge axis (r = 0) and at a fixed radial position r = 4
cm, which corresponds to the maxima of the radial
distribution of the azimuthal rf electric field Eq(r) and the
radial magnetic field B/(r). The electron-atom collision
frequency Ve, was found using Langmuir probe data and
argon cross scctions [13], while the effective electron
collision frequency v was found from magnetic probe
measurement [14]. The electromagnetic ficlds Eq and B, and
the plasma current density distributions Jg, J, and J, were
inferred from magnetic probe measurement made along the
axial direction at r = 4 cm and along the radial direction at z
= 3.2 cm from the quartz window [10, 14]. Langmuir and
magnetic probe measurement were made over a wide
frequency range (0.45 — 13.56 MHz) but here we mainly
consider data for @/2m = 0.45 MHz where nonlinear cffects
are largest.

NONLINEAR SKIN EFFECT

Prior to discussing our results on nonlinear effects in ICP, let
us briefly describe the specific features of ICP operated at
near-collisionless regime. At this condition the ICP is in a
strongly non-local regime (anomalous skin effect) where

thermal electrons pass through the skin layer without
collisions in a small fraction of the rf field period, vu/8 >>
Ven» @, Where vy, = (ZTJm)'” is the electron thermal velocity.
Due to low driving frequency, plasma screening has little
effect on the clectromagnetic field distribution, which is
mainly defined by chamber geometry. The electromagnetic
field distribution with a discharge is similar to that in
vacuum, & = & = 2.42 cm, corresponding to the rf clectric
field distribution in the vacuum. At 200 W and 1 mTorr, the
plasma density and electron temperature in the plasma center
(r=0,z=35cm) werc 1.3:10"" cm™ and 6 eV, respectively,
independent of driving frequency. These same parameters in
the plasma heating zone (r = 4 cm, z = 1 cm) were about
5.10'° cm™ and 7 eV, respectively. From magnetic probe
measurements we found W' >> @+, in the skin layer
(here @’ is the clectron cyclotron frequency of the rf
magnetic field. This incquality defines the condition of the
non-linear skin effcct where the Lorentz force in the skin
layer greatly exceeds the electric force there. The ratio of the
Lorentz force 1o the clectric field force Fi/Fg measurcd in a
wide range of discharge parameters is shown in Fig. 3. As it
seen, the non-linear skin effect (F/Fg >> 1) is attained only
for low frequency and low gas pressure. Thus, the skin effect
in our ICP is not only anomalous but is also non-linear one.
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NONLINEAR RF POTENTIAL

The possibility of modulation of the ambipolar plasma
potential, with doubled frequency, by the rf Lorentz force
was analyzed in [4, 5]. To our knowledge, the second
harmonic potential has not been observed in experiments
with inductive discharges. Onc reason for this was the
negligibly small nonlinear effect that occurs at the typical

ICP driven at 13.56 MHz.

The frequency spectrum of the plasma potential in the middle

of the skin layer, 1 cm from the quartz window (z= 1 cm, 1 =
4 cm) in an ICP driven at 0.45 MHz, is shown in Fig. 4. In
Fig. 4 and hereon, rms values are used for all oscillating




quantitics and rf potential is referenced to the grounded
discharge chamber.  As it seen in Fig. 4, the first
(fundamental) harmonic, probably induced by finite
capacitive coupling from the induction coil, is smallest onc
while the second harmonic exceeds the electron temperature
and dominates all others. Fig. 4 also shows that all even
harmonics are significantly larger than odd harmonics. The
magnitudes of all harmonics (except the second) are much
smaller than the electron temperature, and thus, they don’t
affect the discharge operation and they don’t interfere with
the Langmuir and magnetic probes.
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One might speculate that the observed second harmonic
potential originates in the sheath at the plasma boundary due
to the sheath non-linearity and capacitive coupling from the
induction coil. But the fact that the second harmonic is two
orders of magnitude larger than the fundamental rules this
out. In what follows we will focus only on characteristics of
the second harmonic potential (SHP) since it is the dominant
observed effect.

The axial distribution of the second harmonic potential at r =
4 cm (filled circles) and on the discharge axis at r = 0 (open
circles) is shown in Fig. 5 for argon pressure of 1 and 10
mTorr and driving frequencies of 0.45 MHz. At 1 mTorr and
r=4 cm the SHP drops sharply in the skin layer, away from
the window (z = 0) reaching a background level behind the
skin layer. The rf potential distribution implies that the
source of the second harmonic voltage is located in the skin
layer. The background plasma potential, accounting for
about 10% of the total second harmonic voltage is across the
chamber wall sheath.

The axial electric field E,p, of the measured SHP appears to
be significantly larger than the azimuthal electric field at the
fundamental frequency Ey that maintains the discharge.
Thus, in the middlc of the skin layer (z = 1 cm), E,30/E¢ = 5.
Note that E,y,, is the rf component of the ambipolar field and
therefore does not produce conductive current nor electron
heating.  Indeed, measured in this discharge the axial
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component of the second harmonic current density J,q
appeared to be two-three orders of magnitude smaller than
the conductive current calculated using the measured values
of E;;u. The polarization field E,,,, and the second harmonic
current Jy3, both having non-linear origin are produced by
different parts of the non-linear force [11]; E,5, is due to the
potential part and J,5, is due to the solenoidal (inductive)
part, and they have different space distributions [10]. Thus,
the large second harmonic potential observed here is a result
of plasma polarization duc to the rf Lorentz force as it was
predicted in [4, 5].
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We found that in the skin layer Eg(z) and E,p.(z) decay
exponentially but have different decay lengths; 8 > &,,. That
suggests a non-linear origin for the second harmonic field;
note that a local quadratic effect proportional to E% should
have a space decay length 1/2 of Es. The ratio of 8/8,, was
found to be 1.6 that implies some “non-quadratic” non-
linearity. Such a behavior is due to the anomalous skin effect
when the electron thermal motion brings non-locality in the
electron oscillatory motion. The electron thermal motion
mixes up the electron drift velocities along the z-direction
(space dispersion) in a such way that in the skin layer vg(z) is
less than its local value vie= eE (z)/m(Ve,+ jw) and ve(z) >
Viec(2z) behind the skin layer, and the characteristic length of
the azimuthal drift velocity decay &, is greater than §, [14].
Therefore, for an rf polarization field induced by the Lorentz
force in the non-local  regime, one has to expect
S = 6748, ", so that 8/8,, = &/( 8+8,) < 2.

Figs. 5 shows that there is no significant second harmonic
potential along the axis of discharge symmetry, where both
E¢and B, = 0. Thus, it is concluded that the second harmonic
rf field in this experiment is only observed where the rf
magnetic and the induced electric fields of fundamental
frequency are strong.

Figs. 5 and 6 show that the second harmonic potential Vy,
decreases with increases in gas pressure and driving
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frequency. This trend is consistent with the non-lincar nature
of SHP suggesting that Vy, is proportional to vgB,. I[ndecd,
with growing gas pressure, the discharge ionization and
energy balance require a smaller rf electric field (Ey ~ wB,)
and a smaller drift velocity ve, while with increasing
frequency a smaller magnetic rf field is required to induce the
same rf electric field.
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Fig. 6

Measurements performed at different frequencies and over a
wide range of the discharge power have shown that the
second harmonic voltage generated in the skin layer depends
very little on the discharge power (plasma density). Thus, at
1 mTorr and driving frequency 0.9 MHz, the change in the
discharge power from 50 to 400 W has resulted in a change
of Vy, from 5 to 8 Volts. The insensitivity of non-linear
effects to rf power is due to a fundamental property of a
weakly ionized gas discharge plasma in steady state. In such
a medium, the discharge maintenance field and the drift
velocity (in our case Eg, B, and vg) are held almost constant
by the ionization and electron energy balance. The shrinkage
of the skin depth with discharge power (that is very small in
our experiment duc to the very low frequency) just slightly
i the electrc ic fields and drift velocity in the
skin layer.

The rf driving frequency in our experiment is much lower
than the ion plasma frequency @, but still is much higher
than inverse ion transition time across the skin layer vi/8,,
(vif830 << @ << ). Therefore, both, ions and electrons are
practically immobile in the second harmonic field. Thus, the
second harmonics field is the rf component of the ambipolar
field preserving plasma quasineutrality by limiting clectron
displacement under the action of the time varying Lorentz
force [5].

One can interpret the second harmonic voltage found here as
the rf Hall effect (caused by the E cross B rf ficlds in the skin
layer) and evaluate it by integration of rf component of the
Lorentz force along z-direction. Note that rf component of

the Lorentz force does not depend on the phase shift between
B, and ve.

(4
Vi = J 22 Bvydz
b4
Having measured in this experiment the plasma density n(z)
and the azimuthal current density Jo(z) we could find v and
calculate V. At 1 mTorr, 0.45 MHz and z = | c¢m, found
this way, the value Vi, = 8.1 V, whilc that found in the
experiment is 6.5 V.

SECOND HARMONIC CURRENT

Second harmonic current Jy, induced by the rf Lorentz force
and circulating around the main discharge current has been
found in our ICP operating at 6.78 and 3.39 MHz [10]. The
axial and radial components of J, measured at 0.45 MHz
and 1 mTorr are shown in Figs. 7 and 8.
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The space dependence of both second harmonic components
shown in Figs. 7 and 8 are similar to those found in [10] for
high frequency. The relative magnitude of J,, at 0.45 MHz is
larger and frequency dependence is weaker than those found
in [10] where J3, is nearly proportional to o'

As shown in [10, 11], second harmonic current is essentially
a two-dimensional effect caused by the rf magnetic field
curvature in a dissipative (J-E # 0) plasma. In a cylindrical
ICP with a flat coil, there are two components of rf magnetic
field: B, and B,, and two corresponding components of the rf
Lorentz force: radial and axial. The field of the Lorentz force
is localized within the skin layer and drives rf currents of
doubled frequency along closed paths in the z-r planc
forming a poloidal current structure resulting in J,,
maximum at the axial axis. Note that the current density Jy,
is not a local function of the Lorentz force, but (according to
Ohm's Law for a closed circuit) is defined by the total
plasma impedance and by the Lorentz force integrated along
a closed current path.

PONDEROMOTIVE EFFECT

The dc component of the nonlinear force (referred as the
ponderomotive or Miller force) acting on electron in an
inhomogencous rf ficld is known for a long time [15]. In the
fluid approximation, ponderomotive force is given by the
Miller formula modified for electron collisions.

Fy = -¢*VE? R2m(w’+v?) =-Ve with € = Yamv?
Here € is the electron oscillatory energy.

The possibility of modifying the plasma density profile by
ponderomotive force in an ICP has been analyzed in
theoretical works [1-5] and the Lorentz force have been
identified as a major non-linear effect in the ICP skin layer.
But so far, the ponderomotive effect has not been observed in
experiments with a weakly ionized plasma.

A noticeable ponderomotive effect on the plasma density
distribution is expected when the ponderomotive force is
comparable to, or larger than, the competing plasma gradicnt
force.

V(%mv?) 2 Tn'Vn or /T, 28/L

Attempts over the last 30 years to demonstrate a
ponderomotive effect in a collisional, weakly ionized, gas
discharge plasma have failed because the ionization and
energy balance of a weakly ionized plasma limits the electric
field and electron drift velocity to a level (e/T. << 1)
insufficient for a significant ponderomotive effect.

Recent advances in inductively coupled plasma (ICP) sources
in the plasma processing of semiconductors and in lighting
technology demonstrate the ability to maintain an ICP at an
extremely low gas pressure with an electron oscillatory
energy approaching the electron thermal encrgy. Under such
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conditions, clectron motion in the electromagnetic fields of
an ICP becomes strongly non-local (anomalous skin effect),
the rf electron velocity is not a local function of the rf field,
and Miller formula derived from a local approximation are no
longer valid [8, 16].

Having measurcd Eg(z), B,(z). Jo(z) and n(z), we have
calculated the ratio between the dc Lorentz force Fyy in the
middle of the skin layer (z= 1 cm, r =4 c¢m) and the plasma
gradient force Fy = T,Vn/n = 2TJ/L at the undisturbed plasma
boundary (z = L, r = 4 cm), Fu/Fy = YeLvgB,cos¢/T..,
where ¢ is the phase shift between v, and B,. We found that
Fu/Fy = 4.8 for a/2n = 0.45 MHz and F/Fy = 0.37 for
6.78 MHz. This suggests that there should be a noticcable
ponderomotive effect at 0.45 MHz.

The plasma density n(z) and the ambipolar potential V(z)
profiles, measured at different radial positions, are shown in
Figs. 9 and 10 at 6.78 and 0.45 MHz, respectively. At 6.78
MHz, at the center and at a radius of 4 cm the measured n(z)
and V(z) are rather symmetrical about discharge mid-plane
and have a Boltzmann distribution n(z)/ng,, = exp[-eV(z)/T.].
The spatial distributions of n(z) and V(z) are typical for low
pressure ICPs found in the literature.
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A significant asymmetry in the plasma density and the
plasma potential profiles at 0.45 MHz is seen in Fig. 10 for
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both radial positions. These profiles resemble those obtained
in the one-dimensional analysis in [2]. At the radial position
r = 4 cm, where Eo(r) and B(r) arc peaking, there is a
significant shift in z-position between the maximum of n (at z
= 5.5 cm) and the minimum of V (at z = 2.1 ¢m) and there is
a clear reduction in plasma potential and plasma density at
the left (coil) side boundary. Here the plasma density is
about one half of that at 6.78 MHz, while the plasma
densities on the right (passive) boundary are the same for
both frequencies. At the plasma axis (r = 0) where both
Eg(z), and B,(z) are zero, the maximum in n(z) coincides with
minimum in V(z). The difference in position between the
plasma density and the potential profiles is caused by the
ponderomotive force, which can be accounted for in the
plasma equilibrium equation:

TeVn +enVV +enVU =0, having the solution:

w/c=expl-e(V+U)T] or T,=V+U

Here U = -VFy4 is the ponderomotive potential, T, =
In(¢/n)TJ/e is the plasma thermal potential (both are
expressed in units of electrical potential) and ¢ is an

integration constant.
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The axial distributions of the measured plasma electrical
potential V and the thermal potential T, are shown in Fig. 11
for both radial positions. The integration constant ¢ was

chosen to satisfy the Boltzmann equilibrium (T, = V) far
away from the skin layer where U is vanishing. An essential
difference between T, and V in the skin layer is seen for r = 4
cm, while T, = V everywhere along the plasia central axis.

The ponderomotive potential in this ICP can be cvaluated
from Fig. 11 as the difference between T, and V. Found in
this way, Uey = Ty - V is shown in Fig. 11 together with
various calculated ponderomotive potentials:

The Miller potential, Uy = eE/2m(a’ + v?);
The oscillatory potential, U, = e/e =mve’/2e;
The potential corresponding to the dc Lorentz force,

U= I [JeB/en|cospdz
L

As it seen in Fig. 12, U, << U,,, << Uy in the skin layer (8
=2.24 cm). One can show that in the local approximation, in
an ICP with a flat coil, U, Uy and U, should be identically
the same. The enormous difference between magnitudes and
characteristic decay lengths of Uy and Uy is a consequence of
strong anomalous skin effect where the clectron oscillatory
velocity in the skin layer is essentially less than that expected
from a local approximation (ve << eE/m(v? + ©)'"). On the
other hand, in the skin layer the Lorentz force potential Uy,
calculated from the measured drift velocity and magnetic
field, is closer to Ue,p, exceeding U.,p by 1.4-2 times.
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A similar difference was found between the calculated (using
the rf component of the Lorentz force) and the measured
plasma polarization potential at the second harmonic. The
two-dimensional ICP structure, the electron spatial dispersion
due to thermal motion and possible contribution of others
non-linear effects [17] could be the cause of these
discrepancies.

The two-dimensional structure of our ICP, with radial B, and
axial B, components of rf magnetic field and azimuthal rf
drift velocity ve, implies a ponderomotive force also in the
radial direction. Duc (o weak plasma screening at such a low
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Fig. 12

frequency (8 = 8 = R/3.83), the radial and axial gradients of
the electromagnetic fields are comparable.  The radial
Lorentz force Fy, = evgB,cos¢ is negligible in the vicinity ry =
4 cm where B, changes its sign. At r > ro, Fy, is directed
outwards adding to the centrifugal force and at r < ro, F, is
directed inwards, partly compensating the centrifugal force.
Such structure of the radial ponderomotive force should
enhance plasma diffusion to the radial wall and compress the
plasma to the center, resulting in a more non-uniform plasma
radial distribution in the skin layer. This is readily seen in
Fig. 10 where n(r = 0) > n(r = o) at the coil side while far
from the coil n(r = 0) = n(r = rp). In contrast, at 6.78 MHz,
for both plasma boundaries plasma densities are similar.

CONCLUSIONS

Our experiments with ICPs at various rf frequency and argon
pressure have shown that the Lorentz force induced non-
linear effects, such as, second harmonic current flowing
normal to the main discharge current, rf polarization potential
and ponderometive effects in the ICP skin layer, are
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negligible at high rf frequency and high gas pressure.  All
these non-lincar effects are well pronounced in an ICP at low
gas pressure (when vg 1s large) and at low frequency (when B
e« E/8w is large). This corresponds to a condition where
strong non-local (vy/8 >> v, w) and strong non-linear (wg >>
v, w) skin effect occur simultaneously.

To our knowledge, the nonlincar effects considered here (as
well as effects of non-local clectrodynamics) and their
influence on the plasma parameters have not been considered
in self-consistent modeling of ICP in the mTorr pressure
range.
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