
Plasma properties determined with induction loop probes in a planar
inductively coupled plasma source

J. A. Meyer,a) R. Mau, and A. E. Wendtb)
Engineering Research Center for Plasma-Aided Manufacturing, University of Wisconsin-Madison,
Madison, Wisconsin 53706

~Received 5 July 1995; accepted for publication 6 October 1995!

Electromagnetic fields in a planar rf inductively coupled plasma source, of interest for materials
processing, were measured using a two-loop inductive~B-dot! probe. The two loops were oriented
to measure the time derivative of the axial and radial components of the magnetic fieldḂz andḂr ,
respectively, at various positions in ther –z plane of the cylindrically symmetric argon discharge.
Maxwell’s equations were used with this data to calculate amplitudes of the rf azimuthal electric
fieldEf and current densityJf , as well as the complex permittivitye of the plasma, from which the
electron densitynewas calculated. The electron densities calculated using this technique were found
to compare favorably to the results of measurements made with Langmuir probes. Electron drift
velocities calculated fromJf andne were found to be comparable to electron thermal velocities in
the region of highestEf and thus may contribute to local enhancement of electron impact reactions,
thereby affecting process chemistry and uniformity. The peak in the drift velocity moved radially
outward as the pressure increased due changes in the radial plasma density profile. This technique
is applicable to chemistries where Langmuir probes are not practical. ©1996 American Institute
of Physics.@S0021-8979~96!04602-7#
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I. INTRODUCTION

Inductively coupled plasma~ICP! sources are currently
in use commercially for many process applications, such
etching and deposition of thin films.1 Characterization of
source operation is important both for benchmarking
simulations as part of the development of reactor compu
aided design tools and in gaining basic understanding wh
can be applied directly to process development and rea
scale-up for uniform processing of larger substrates.
though much characterization has been done with Langm
probes,2–4 that technique is limited to chemistries which ne
ther corrode probe surfaces nor deposit insulating films. T
prevents application of Langmuir probes in many gas m
tures of interest for etching and deposition applications.
duction loop probes present an alternative to Langm
probes for measuring some plasma parameters, inclu
electron density, for all gas mixtures, because the induc
loop may be physically isolated from the plasma in, for e
ample, a ceramic or Pyrex tube. In this proof-of-princip
study, measurements were made in argon to test the accu
of the technique by comparing electron density with valu
obtained with Langmuir probes in the same reactor un
nearly identical conditions.

Inductive loop~B-dot! probes are a well-established a
proach for measuring time-harmonic magnetic fields
plasmas.5,6 In rf ICP sources used for materials processing
microelectronics fabrication, knowledge of the ac magne
field can assist in understanding power coupling to
plasma through induction heating. In a previously repor
work the rf azimuthal electric fieldEf was calculated di-
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rectly from the axial component of the time derivative of th
magnetic fieldḂz in a planar rf ICP argon discharge.5 In this
study,Ḃr was measured as well, allowing the calculation
the real part of the complex permittivity Re~e!, the induced
azimuthal rf current densityJf , the electron densityne, and
the rf electron drift velocityvD in the argon planar ICP sys-
tem.

Determination of the rf drift velocityvD of the electrons
in the rf azimuthal electric field addresses an important qu
tion regarding power deposition by the electrons. If the dr
velocity is found to be comparable to or larger than the ele
tron thermal speed, local enhancement of electron imp
reaction rates above that due to thermal electron motion m
be expected. This enhancement, due to an increase in e
tron kinetic energy associated with drift motion, would os
cillate in time at twice the rf frequency, with the two peak
per rf cycle corresponding to times of peak electron dr
velocity in the positive and negativef directions. This effect
may significantly affect discharge operation and uniformi
and, if it does contribute significantly, must be included
discharge models to accurately describe their behavior.

Reported characterization studies of planar ICP d
charges in argon include Langmuir probe measurements
plasma parameters,2–4 spatially resolved optical emission7

and electromagnetic fields.5,8,9 These studies and severa
modeling efforts10–14show an azimuthal rf electric-field am-
plitude that is null on axis, increases radially to a maximu
value under the antenna, and then falls to zero at the ra
boundary. Optical emission was found to peak in the regi
of peak electric-field amplitude as energy coupling to th
electrons is maximum there. The plasma density profi
however, seems to be governed by diffusion and peaks n
the center of the discharge volume for the reactor geome
examined in this study.2 The degree of shielding of the elec
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tromagnetic field by the plasma has been found to be se
tive to the local electron density.5,9

II. EXPERIMENTAL APPARATUS AND DIAGNOSTICS

The planar ICP source used for these measuremen
identical to that used in previous studies and has been
scribed in detail elsewhere.2,3,5,7 Briefly, rf current at 13.56
MHz in the four-turn, 16.5-cm-diam, spiral planar co
couples power to the plasma through a radially spoked F
aday shield and a 1.27 cm quartz window. Argon is fed in
the system through an annular gap around the edge of
quartz window. For our measurements, a liner was attac
to the window flange to contain the plasma within a cyli
drical volume. This grounded liner consisted of a 22.8-c
diam by 11.6-cm-long~from window to end plate! metal cyl-
inder with a circular end plate. The end plate had a 2.5-c
wide slot cut into it to facilitate probe measurements. T
coil/gas feed/liner assembly was inserted into the end o
35-cm-diam by 61-cm-long vacuum chamber. The assem
was recessed into the chamber by a 12.5 cm vacuum we

TheB-dot probes used to measureḂz and Ḃr inside the
cylindrical plasma volume consisted of thin 50V coaxial
cables with one end stripped to the inner conductor insu
tion. A single-turn loop in each of the inner conductors w
made and connected to the corresponding outer conduct
complete the circuit. Thez-oriented loop~axis of loop paral-
lel to the z axis, thus measuringḂz! had a diameter of 4.5
mm and ther-oriented loop had a diameter of 3 mm. Th
centers of the loops were colocated. The cables were inse
into a ceramic shaft which was attached to a mechan
probe driver. The loops were insulating from the plasma b
ceramic cap over the loops and the end of the ceramic sh

FIG. 1. The real part of the plasma permittivity Re~e! ~1027! F/m for ~a! 200
W, 10 mTorr, 22.7 A peak-to-peak coil current and~b! 200 W, 50 mTorr,
19.4 A peak-to-peak coil current.
J. Appl. Phys., Vol. 79, No. 3, 1 February 1996
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The mechanical probe driver consisted of a rack and pini
assembly on the end of a linear vacuum feed through. T
enabled positioning of the probe to within 1 mm both axiall
and radially in the chamber, without breaking vacuum. Me
surements were made every 1 cm axially betweenz51 and
z56 cm ~werez50 cm corresponds to the vacuum surface
the quartz window! and every 1 cm radially betweenr50
andr59 cm. The signal was sent to an oscilloscope via a
V terminated cable. All signals were sinusoidal at the drivin
frequency of the antenna, 13.56 MHz, with no obvious di
tortion due to harmonics, and values reported are amplitud
of the oscillation.

The voltage induced on aB-dot probe is given byV
52dF/dt, whereF is the magnetic flux through the loop.
AssumingB is uniform across the area of the loop, for
single-loop probe, the amplitudeḂ0 is then2V0/A, whereA
is the area of the probe,

dB

dt
5Re$Ḃ0 exp@ j ~vt1u!#%,

andV0 is the voltage amplitude. This value forḂ0 was veri-
fied using fields generated by a Helmholtz coil to calibra
the probes. The amplitude of the magnetic field is given b
B05Ḃ0/ jv, wherev is 2p313.56 MHz58.523107 rad/s.
The electric field can then be calculated5 by using the inte-
gral form of Faraday’s law,

R
C
E•dl52E

S

dB

dt
•dS. ~1!

FIG. 2. A comparison between the electron density at an axial distance o
cm from the window from Langmuir probe data taken atr50 cm in Ref. 4
and density calculated from Eq.~5!, at r51 cm vs~a! power in 10 mTorr
argon plasmas and~b! pressure in 200 W argon plasmas.
1299Meyer, Mau, and Wendt
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Using Ḃ0z, assuming cylindrical symmetry and choosing t
pathC to be a circular loop of radiusr bounding a circular
areaSat fixed axial position, the electric-field amplitudeE0f

is given by

E0f~r !52
1

r E0
r

r 8Ḃ0z~r 8!dr8, ~2!

wherer andr 8 are the radial positions, as measured from
axis of the ICP system.

As discussed in Ref. 9, the phase ofdB/dt varies with
position in the direction away from the antenna, but sho
little variation in the direction parallel to the antenna surfa
Because the coil in that study was solenoidal in geometr
significant variation of phase in the radial direction was o
served, and had to be accounted for in using Faraday’s la
obtain the electric field. In the planar coil configuration us
here, phase variation was observed in the axial direct
corresponding to the direction away from the coil, with ne
ligible variation in the radial direction. Because the meth
employed for obtaining the electric field amplitude fro
Faraday’s law involves integratingḂz over a circular area a
a fixed axial position, consideration of the spatial variation
the phase was not necessary.

With the addition of Ḃ0r more information about the
discharge can be obtained using Ampere’s law,

“3B5m0e
]E

]t
, ~3!

wherem0 is the permeability of free space ande is the com-
plex plasma permittivity, which includes the effects of co

FIG. 3. The amplitude ofJf ~A/m2! for ~a! 200 W, 10 mTorr, 22.7 A
peak-to-peak coil current and~b! 200 W, 50 mTorr, 19.4 A peak-to-peak co
current.
1300 J. Appl. Phys., Vol. 79, No. 3, 1 February 1996
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duction currents in the plasma. The complex permittivity ca
be calculated from known quantities by using only the az
muthal component of Eq.~3!,

e52
1

m0v
2E0f

S ]Ḃ0r

]z
1 j Ḃ0r

]u

]z
2

]Ḃ0z

]r
2 j Ḃ0z

]u

]r D , ~4!

whereu is the phase of the magnetic field in the plasma, i
this study measured with respect to the phase measured
vacuum. The radial dependence of the phase was found to
very small, so the term with the radial gradient of the phas
in Eq. ~4! is negligible. Once the permittivity is obtained, the
plasma density can be calculated using the expression for
ac permittivity for a cold plasma,15

e5e0S 12
vp
2

v~v2 j y!
D , ~5!

wherey is the electron collision frequency~in this case as-
sumed to be dominated by momentum transfer collision
with neutrals! andvp is the plasma frequency, which is re-
lated to the plasma density byvp5(nee

2/mee0)
1/2.

Writing Ampere’s law in a slightly different form,

“3B5m0J1m0e0
]E

]t
, ~6!

we can solve for the current density. By taking the squa
root of the sum of the squares of the real and imaginary pa
and neglecting the small electric-field term, the magnitude
the current density can be calculated,

il FIG. 4. The maximum observed amplitude ofJf ~A/m2! as a function of~a!
pressure in 200 W argon plasmas and~b! power in 10 mTorr argon plasmas
measured atz51 cm andr54 cm.
Meyer, Mau, and Wendt
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J0f5
1

vm0
F S ]Ḃ0r

]z
2

]Ḃ0z

]r D 21S Ḃ0z

]u

]zD
2G1/2. ~7!

Then the magnitude of the drift velocityv0D can be calcu-
lated usingJ0f5enev0D.

9

Accurate measurement ofḂ0z andḂ0r requires coupling
of only induction fields to the probe. Because of the hig
voltages on the antenna, there is concern about interfere
of the induction signal due to capacitive coupling of quas
static electric fields, although these fields are reduced by
presence of the Faraday shield. The effect of the capacitiv
coupled electric field on the probes was found by examini
probe signals at positions where the magnetic fields are n
ligible, but the capacitive electric fields are expected to
strong. The signal on the probes at these positions was n
ligible compared to regions of strong magnetic fields, so w
determined the capacitively coupled electric field did not a
fect measurements with either probe.

III. RESULTS

Spatial scans ofḂ0z andḂ0r at several powers and pres
sures were used to calculate the quantities described ab
In order to evaluate spatial derivatives, theḂ0r data were
fitted to an exponential function of the axial position and th
Ḃ0z data were fitted to a cubic function of the radial positio
Uncertainties in the data and the subsequent calculati
were estimated from the residuals of the measured data f
the fit data.

Figure 1 shows two examples of the spatial distributio
of the real part ofe calculated using Eq.~4! at 10 mTorr, 22.7
A of coil current and 50 mTorr, 19.4 A. The figure sugges
that Re~e!, which is proportional to the electron densityne,
has a maximum on axis, consistent withnemeasurements on
this system with Langmuir probes.2,3 The maximum mea-
sured value of Re~e! in the 50 mTorr case is nearly five time
larger than in the 10 mTorr case. In addition, the lowe
pressure case shows a flatter radial density profile near

FIG. 5. The drift velocity~105 m/s! for ~a! 200 W, 10 mTorr, 22.7 A peak-
to-peak coil current and~b! 200 W, 50 mTorr, 19.4 A peak-to-peak coil
current.
J. Appl. Phys., Vol. 79, No. 3, 1 February 1996
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discharge axis~weaker radial density gradient! than the
higher-pressure case, also in agreement with the probe me
surements. Because the spatial profile ofne for the reactor
conditions studied here is dominated by diffusion, the ob
served pressure dependence of the spatial profile can be e
plained in terms of corresponding differences in ion
transport.14 Data are shown only out to an axial position of
z56 cm from the quartz window. Because of the geometry o
the antenna and shielding of rf fields by the plasma, signa
strengths for larger values ofz were too small for these cal-
culations. Values of Im~e! are not reported here as our reso-
lution in measurements ofB-dot phaseu was insufficient for
these purposes.

It should be pointed out that the definition used for the
ac plasma permittivity is based on a ‘‘local’’ description of
the electron behavior, and therefore, its applicability at low
pressure comes into question. By local description we mea
that electron motion at a given location can be expresse
completely in terms of the electric field at that location. This
is a reasonable and widely used assumption as long as t
electrons are very collisional. However, at low pressure th
electrons travel a long distance between collisions and reta
‘‘memory’’ of the fields encountered along that path. That is
their instantaneous trajectory is affected by acceleration i
fields at other locations. In argon, electron mean free path
become long below 20 mTorr; however, we find approximate
agreement with Langmuir probe measurements down to
mTorr, and mean free paths will be shorter in molecula
gases used for materials processing.

To verify the accuracy of this technique in determining
electron density, a comparison is made to Langmuir prob
measurements made in the same system under identical co
ditions by Mahoney2 and shown in Fig. 2 for a range of
discharge power@Fig. 2~a!# and pressure@Fig. 2~b!#. The
electron collision frequencyy in Eq. ~5! was estimated from
Langmuir probe measurements of electron temperature in th
same study by Mahoney and momentum-transfer cross se
tions for electrons in argon.15 However,y may also be deter-
mined directly from B-dot probe measurements yielding
Im~e!. Because the Langmuir probe measurements in Ref.
were made on axis atr50 cm, in Fig. 2 we compare plasma
density values at slightly different locations, asB-dot probe

FIG. 6. The radial position of the peak drift velocity vs neutral pressure in
200 W argon plasmas.
1301Meyer, Mau, and Wendt
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measurements are made at the same axial position but atr51
cm. However, the plasma density generally has a broad p
at the discharge center and differences between the two
cations are expected to be slight. We find reasonable ag
ment over the parameter range studied, with the biggest
ference approximately a factor of 2. This may be partly d
to uncertainties in the values obtained with Langmuir prob
as well as inexact reproduction of experimental condition

Figure 3 shows two examples of the spatial distributi
of J0f calculated from Eq.~7! at 10 and 50 mTorr. The
enhancement in shielding due to the higher plasma densi
clearly evident in the 50 mTorr case. The peak measu
current densities for the two cases are 5.6 and 10.1 kA/m2 for
the 10 and 50 mTorr cases, respectively. These values w
measured 1 cm away from the quartz window. Higher valu
closer to the window are possible, but must drop to zero
the window. Therefore, peak measured current density va
are probably close to the spatial maxima. The electric-fi
amplitudes corresponding to the locations of peak curr
density for these two cases are 184 and 151 V/m for the
and 50 mTorr cases, respectively. Figure 4 shows the tre
in the peak value ofJ0f measured at 1 cm from the window
and 4 cm from the axis of the chamber as power and pres
are varied. Since the electric field decreases with increa
pressure, the observed current density increase is attrib
to the electron density and therefore conductivity increas

Figure 5 shows two examples of the spatial distrib
tion of v0D5J0f/ne at 10 and 50 mTorr. In the 50 mTor
case, the peak observed value of the drift velocity
v0D54.53105 m/s as compared to the thermal veloci
VT51.03106 m/s for electrons with temperatureTe52.3 eV
determined from Langmuir probe measurements.3 Because
the amplitude of the rf drift velocity is found to be of th
same order as the thermal velocity, the associated local
hancement of electron energy is likely to affect electron i
pact reaction rates in this region of the discharge.

The maximum observed drift velocity moves radial
outward as the pressure increases as shown in Fig. 6.
cause the radial variation ofJ0f is very similar in the 10 and
50 mTorr cases, we attribute this shift to differences in t
radial profiles ofne. Thinking of current in the plasma as a
image current, the radial structure ofJ0f ~but in general, not
axial structure! is expected to be determined by antenna g
ometry and to be relatively independent of pressure a
power. Other parameters in the plasma,ne(r ), Ef(r ), and
vD(r ), adjust themselves self-consistently to produce t
current. The profiles in Fig. 6 are consistent with a trend w
decreasing pressure toward flatter radialne profiles near the
discharge axis, as seen in Fig. 1. This tendency can be at
uted to diffusion effects, and is consistent with a simil
trend observed in spatial profiles ofE0f.

5
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IV. CONCLUSION

Two-dimensional spatial profiles inr and z of Ḃ0z and
Ḃ0r were made usingB-dot probes in a planar ICP argon
discharge for several powers and pressures. From these da
E0f was calculated directly using Faraday’s law. From this
information, the complex permittivity of the plasma, the am-
plitude of the rf azimuthal current density, and the electron
densityne were calculated. The electron densities calculate
using this technique were found to compare favorably to th
results of measurements made with Langmuir probes. Usin
J0f andne, the rf plasma drift velocity was also calculated.
The drift velocities were found to be comparable to the elec
tron thermal velocities. The peak in the drift velocity moved
radially outward as the pressure increased due to changes
the electron density radial profile.

Since this technique does not rely on the condition of th
probe surface, it is useful for chemistries where conventiona
collecting probes would be either corroded or coated. This i
the case in many industrial plasmas which use etching o
depositing chemistries for manufacturing processes.
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