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Electromagnetic fields in a planar rf inductively coupled plasma source, of interest for materials
processing, were measured using a two-loop indugBrdot) probe. The two loops were oriented

to measure the time derivative of the axial and radial components of the magnetiB fietdi B, ,
respectively, at various positions in thez plane of the cylindrically symmetric argon discharge.
Maxwell's equations were used with this data to calculate amplitudes of the rf azimuthal electric
field E, and current density ,, as well as the complex permittivitgyof the plasma, from which the
electron densityl, was calculated. The electron densities calculated using this technigue were found
to compare favorably to the results of measurements made with Langmuir probes. Electron drift
velocities calculated frond , andn, were found to be comparable to electron thermal velocities in
the region of highesk , 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 practicall99% American Institute

of Physics[S0021-897@6)04602-7

I. INTRODUCTION rectly from the axial component of the time derivative of the
magnetic fieldB, in a planar rf ICP argon dischargén this
Inductively coupled plasm@dCP) sources are currently study, B, was measured as well, allowing the calculation of
in use commercially for many process applications, such age real part of the complex permittivity Re, the induced
etChing and depOSition of thin fi|r‘|’fS.CharaCterizati0n of azimuthal rf current density¢, the electron densitye, and
source operation is important both for benchmarking ofthe rf electron drift velocity, in the argon planar ICP sys-
simulations as part of the development of reactor computergm.
aided design tools and in gaining basic understanding which  petermination of the rf drift velocityy, of the electrons
can be applied directly to process development and reacty, the rf azimuthal electric field addresses an important ques-
scale-up for uniform processing of larger substrates. Alyion regarding power deposition by the electrons. If the drift
though much characterization has been done with Langmuife|ocity is found to be comparable to or larger than the elec-
probes’ ™ that technique is limited to chemistries which nei- tron thermal speed, local enhancement of electron impact
ther corrode probe surfaces nor deposit insulating films. Thigq otion rates above that due to thermal electron motion may

prevents application of Langmuir probes in many gas miX'be expected. This enhancement, due to an increase in elec-

tures of interest for etching and deposition applications. In_'tron kinetic energy associated with drift motion, would os-

duction loop probes present an alternative to I‘angmu'rcillate in time at twice the rf frequency, with the two peaks

probes for measuring some .plasma parameters, .|nclud_|n er rf cycle corresponding to times of peak electron drift
electron density, for all gas mixtures, because the inductio o . LT .
) ; . velocity in the positive and negativg directions. This effect
loop may be physically isolated from the plasma in, for ex- T : . . .
ample. a ceramic or Pvrex tube. In this proof-of-orinci Iemay significantly affect discharge operation and uniformity
bie, y P P P and, if it does contribute significantly, must be included in

study, measurements were made in argon to test the accurag?/ ! . .
: ; : : scharge models to accurately describe their behavior.
of the technique by comparing electron density with values Rep?orted characterizationy studies of planar ICP dis-

obtained with Langmuir probes in the same reactor under : ) .
nearly identical conditions. charges in argon include Langmuir probe measurements of

Inductive loop(B-dot) probes are a well-established ap- P'asma paramete?s‘_,“ spatiallgy resolved optical emission
proach for measuring time-harmonic magnetic fields in@"d ellectromagonelgc fields” These studies and several
plasmag:® In rf ICP sources used for materials processing inModeling efforts’ **show an azimuthal rf electric-field am-
microelectronics fabrication, knowledge of the ac magneti®litude that is null on axis, increases radially to a maximum
field can assist in understanding power coupling to thevalue under the antenna, and then falls to zero at the radial
plasma through induction heating. In a previously reported®oundary. Optical emission was found to peak in the region

work the rf azimuthal electric field, was calculated di- ©Of peak electric-field amplitude as energy coupling to the
electrons is maximum there. The plasma density profile,

however, seems to be governed by diffusion and peaks near

dCurrent address: Tegal Corporation, 2201 S. McDowell Blvd., P. O. Box

6020. Petaluma. CA 94953-6020. the center of the discharge volume for the reactor geometry
PElectronic mail: wendt@engr.wisc.edu examined in this studyThe degree of shielding of the elec-
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FIG. 1. The real part of the plasma permittivity (Re(10™ ") F/m for (a) 200 0 3 Pressunla(zmTorr)ls 2
W, 10 mTorr, 22.7 A peak-to-peak coil current atlgg 200 W, 50 mTorr,
19.4 A peak-to-peak coil current.

FIG. 2. A comparison between the electron density at an axial distance of 4
cm from the window from Langmuir probe data takerr&a0 cm in Ref. 4

L and density calculated from E¢), atr=1 cm vs(a) power in 10 mTorr
tromagnetic field by the plasma has been found to be sensirgon plasmas anh) pressure in 200 W argon plasmas.

tive to the local electron density’

Il. EXPERIMENTAL APPARATUS AND DIAGNOSTICS The mechanical probe driver consisted of a rack and pinion

The planar ICP source used for these measurements &ssembly on the end of a linear vacuum feed through. This
identical to that used in previous studies and has been denabled positioning of the probe to within 1 mm both axially
scribed in detail elsewhefe®>" Briefly, rf current at 13.56 and radially in the chamber, without breaking vacuum. Mea-
MHz in the four-turn, 16.5-cm-diam, spiral planar coil surements were made every 1 cm axially betweed and
couples power to the plasma through a radially spoked Faz=6 cm(werez=0 cm corresponds to the vacuum surface of
aday shield and a 1.27 cm quartz window. Argon is fed intothe quartz window and every 1 cm radially betweer=0
the system through an annular gap around the edge of tr@ndr=9 cm. The signal was sent to an oscilloscope via a 50
quartz window. For our measurements, a liner was attache@ terminated cable. All signals were sinusoidal at the driving
to the window flange to contain the plasma within a cylin-frequency of the antenna, 13.56 MHz, with no obvious dis-
drical volume. This grounded liner consisted of a 22.8-cm-ortion due to harmonics, and values reported are amplitudes
diam by 11.6-cm-longfrom window to end platemetal cyl-  of the oscillation.
inder with a circular end plate. The end plate had a 2.5-cm- The voltage induced on 8-dot probe is given by
wide slot cut into it to facilitate probe measurements. The= —d®/dt, whered is the magnetic flux through the loop.
coil/gas feed/liner assembly was inserted into the end of &ssumingB is uniform across_the area of the loop, for a
35-cm-diam by 61-cm-long vacuum chamber. The assemblgingle-loop probe, the amplitudg, is then—Vy/A, whereA
was recessed into the chamber by a 12.5 cm vacuum well.is the area of the probe,

The B-dot probes used to measuBg andB, inside the
cylindrical plasma volume consisted of thin D coaxial —= Re{B0 exd j(wt+6)]},
cables with one end stripped to the inner conductor insula- dt
tion. A single-turn loop in each of the inner conductors wasandV,, is the voltage amplitude. This value B¢, was veri-
made and connected to the corresponding outer conductor ted using fields generated by a Helmholtz coil to calibrate
complete the circuit. The-oriented loop(axis of loop paral-  the probes. The amplitude of the magnetic field is given by
lel to the z axis, thus measuring,) had a diameter of 4.5 B,=B/jw, where w is 27x13.56 MHz=8.52x10’ rad/s.

mm and ther-oriented loop had a diameter of 3 mm. The The electric field can then be calculatdsy using the inte-
centers of the loops were colocated. The cables were insertgfial form of Faraday’s law,

into a ceramic shaft which was attached to a mechanical
probe driver. The loops were insulating from the plasma by a 35 E.dl=— f d_B .ds. (1)
ceramic cap over the loops and the end of the ceramic shaft. c sdt
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FIG. 3. The amplitude o, (A/m?) for (a) 200 W, 10 mTorr, 22.7 A

peak-to-peak coil current arit) 200 W, 50 mTorr, 19.4 A peak-to-peak coil /G- 4. The maximum observed amplitudeXyf (A/m?) as a function ofa)
current. pressure in 200 W argon plasmas dhgipower in 10 mTorr argon plasmas

measured at=1 cm andr=4 cm.

Using By,, assuming cylindrical symmetry and choosing the
pathC to be a circular loop of radius bounding a circular
areaSat fixed axial position, the electric-field amplitubig,,

is given by

duction currents in the plasma. The complex permittivity can
be calculated from known quantities by using only the azi-
muthal component of Eq3),

1(r . ) ) _ 1 ﬁle—FB d0 aBOz B a0 4
Eo¢(r):_7for Bo(r")dr’, 2 €= 1i0w’Eog | dz 1Bor o= 5 1Boz ) 4

wherer andr’ are the radial positions, as measured from thewhere 6 is the phase of the magnetic field in the plasma, in
axis of the ICP system. this study measured with respect to the phase measured in

As discussed in Ref. 9, the phasedB/dt varies with  vacuum. The radial dependence of the phase was found to be
position in the direction away from the antenna, but showssery small, so the term with the radial gradient of the phase
little variation in the direction parallel to the antenna surfacein Eq. (4) is negligible. Once the permittivity is obtained, the
Because the coil in that study was solenoidal in geometry, flasma density can be calculated using the expression for the
significant variation of phase in the radial direction was ob-ac permittivity for a cold plasm&,
served, and had to be accounted for in using Faraday’s law to )
obtain the electric field. In the planar coil configuration used _ ( _ “p )

L. . . . . €p 1 T y (5)

here, phase variation was observed in the axial direction, o(w—jv)
corresponding to the direction away from the coil, with neg wherew is the electron collision frequend§n this case as-

ligible variation in the radial direction. Because the method ) -
sumed to be dominated by momentum transfer collisions

employed for obtaining the electric field amplitude from ith | dw. is the bl f hich i
Faraday’s law involves integrating, over a circular area at with neutral$ and w, is t € plasma rezquencyl,lzw Ich 1S Te-
fIated to the plasma density ly,= (n.e/meep) "~

a fixed axial position, consideration of the spatial variation o Writing A s law i liahtly diff ‘f
the phase was not necessary. riting Ampere’s law in a slightly different form,
With the addition ofB, more information about the

discharge can be obtained using Ampere’s law, \% XB:MOJ+“°E°H’ (6)
JE
VxB=,uer, (3) we can solve for the current density. By taking the square

root of the sum of the squares of the real and imaginary parts
where uy is the permeability of free space amds the com-  and neglecting the small electric-field term, the magnitude of
plex plasma permittivity, which includes the effects of con-the current density can be calculated,
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FIG. 5. The drift velocity(10° m/s) for (a) 200 W, 10 mTorr, 22.7 A peak- high | . ith th b
to-peak coil current angb) 200 W, 50 mTorr, 19.4 A peak-to-peak coil Igher-pressure case, also In ggreement with the probe mea-
current. surements. Because the spatial profilengffor the reactor
conditions studied here is dominated by diffusion, the ob-
served pressure dependence of the spatial profile can be ex-
plained in terms of corresponding differences in ion
transport* Data are shown only out to an axial position of
z=6 cm from the quartz window. Because of the geometry of
the antenna and shielding of rf fields by the plasma, signal
strengths for larger values afwere too small for these cal-
culations. Values of Iif¥) are not reported here as our reso-

of only induction fields to the probe. Because of the highIution in measurements @&-dot phased was insufficient for
voltages on the antenna, there is concern about interferen?ﬁese pUrpOSes

of the induction signal due to capacitive coupling of quasi- It should be pointed out that the definition used for the
static electric fields, although these fields are reduced by thgC plasma permittivity is based on a “local” description of
presence of the Faraday shield. The effect of the capacmve%e electron behavior, and therefore, its applicability at low

coupled. electric f|eld. on the probes was fouqd lgy EXamining, ossure comes into question. By local description we mean
probe signals at positions where the magnetic fields are ne

liible. but th i lectric field ted 10 b hat electron motion at a given location can be expressed
\gible, but the capacilive electric ields are expected 1o ecompletely in terms of the electric field at that location. This
strong. The signal on the probes at these positions was ne

- : - # a reasonable and widely used assumption as long as the
ligible compared to regions of strong magnetic fields, so we

determined th el led electric field did not felectrons are very collisional. However, at low pressure the
ctermined the capacitively coupled electric Tield did not &g o cyons travel a long distance between collisions and retain
fect measurements with either probe.

“memory” of the fields encountered along that path. That is,
their instantaneous trajectory is affected by acceleration in
) ) fields at other locations. In argon, electron mean free paths
Spatial scans 0B, andB,, at several powers and pres- become long below 20 mTorr; however, we find approximate
sures were used to calculate the quantities described abovegreement with Langmuir probe measurements down to 5
In order to evaluate spatial derivatives, tBg, data were mTorr, and mean free paths will be shorter in molecular
fitted to an exponential function of the axial position and thegases used for materials processing.
B, data were fitted to a cubic function of the radial position. To verify the accuracy of this technique in determining
Uncertainties in the data and the subsequent calculatiorsdectron density, a comparison is made to Langmuir probe
were estimated from the residuals of the measured data fromeasurements made in the same system under identical con-
the fit data. ditions by Mahone¥ and shown in Fig. 2 for a range of
Figure 1 shows two examples of the spatial distributiondischarge powefFig. 2@] and pressurg¢Fig. 2b)]. The
of the real part ok calculated using Eq4) at 10 mTorr, 22.7  electron collision frequency in Eg. (5) was estimated from
A of coll current and 50 mTorr, 19.4 A. The figure suggestsLangmuir probe measurements of electron temperature in the
that Rée), which is proportional to the electron density, same study by Mahoney and momentum-transfer cross sec-
has a maximum on axis, consistent withmeasurements on tions for electrons in argotr. However,» may also be deter-
this system with Langmuir probés. The maximum mea- mined directly from B-dot probe measurements yielding
sured value of Rg) in the 50 mTorr case is nearly five times Im(e). Because the Langmuir probe measurements in Ref. 2
larger than in the 10 mTorr case. In addition, the lower-were made on axis a&=0 cm, in Fig. 2 we compare plasma
pressure case shows a flatter radial density profile near theensity values at slightly different locations, Bslot probe

1 12

B WMo

Then the magnitude of the drift velocity,, can be calcu-
lated usinglo,=enwep.’ .
Accurate measurement B, andB,, requires coupling

()

9By, 9Bg,|2 [ 96\2
\]o¢

9z or 0z 97

Ill. RESULTS
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measurements are made at the same axial position batlat V. CONCLUSION

cm. However, the plasma density generally has a broad peak Two-dimensional spatial profiles inand z of BoZ and

at the discharge center and differences between the two Icg were made using-dot probes in a planar ICP argon
or -

cations are expected to be slight. We find reasonable agreﬁischar e for several powers and pressures. From these data
ment over the parameter range studied, with the biggest dif= 9 b P i '

X ; Eo, Was calculated directly using Faraday’s law. From this
ference approximately a factor of 2. This may be partly due . L

R . . . information, the complex permittivity of the plasma, the am-
to uncertainties in the values obtained with Langmuir probes

. . ; e plitude of the rf azimuthal current density, and the electron
as well as inexact reproduction of experimental conditions. . I
. .o densityn, were calculated. The electron densities calculated
Figure 3 shows two examples of the spatial distribution

of Jo, calculated from Eq(7) at 10 and 50 mTorr. The using this technique were found to compare favorably to the

enhancement in shielding due to the higher plasma density Iriesults of measurements made with Langmuir probes. Using

clearly evident in the 50 mTorr case. The peak measuredo? andn,, the rf plasma drift velocity was also calculated.

current densities for the two cases are 5.6 and 10.1 EAdm he drift velocities were found to be comparable to the elec-

the 10 and 50 mTorr cases, respectively. These values WeFreon thermal velocities. The peak in the drift velocity moved

. : radially outward as the pressure increased due to changes in
measured 1 cm away from the quartz window. Higher value ) . .
. : he electron density radial profile.
closer to the window are possible, but must drop to zero a

. . Since this technique does not rely on the condition of the
the window. Therefore, peak measured current density values o 7 .
. . ... probe surface, it is useful for chemistries where conventional
are probably close to the spatial maxima. The electric-fiel

. . . ollecting probes would be either corroded or coated. This is
amplitudes corresponding to the locations of peak curren

density for these two cases are 184 and 151 V/m for the 1 € case in many |_ndustnal plasmas_whlch use etching or
. i epositing chemistries for manufacturing processes.

and 50 mTorr cases, respectively. Figure 4 shows the trends

in the peak value od,, measured at 1 cm from the window

and 4 cm from the axis of the chamber as power and pressulCKNOWLEDGMENTS
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