Plasma density measurement using s
e SUrface-wave transmission probe

SCIENTIFIQUE

et Technologie des Plasmas

Palaisca, Franee S. Dine, J.-P. BoothG. Curley, C. Corr, J. Jolly and J. Guillon [ [me—ms

1 Introduction 4 Experimental results

* A new technique for measuring the absolute electron densities in low-pressure plasmas using microwaves is degcribed [] < A typical transmission coefficient spectrum measured in the CCP discharge is shown in Fig. 5a, for an argon pfessure of
40 mTorr and an RF power of 50 W. The spectrum is characterized by the presence of an intense peak betwegn 0.9 GHz
and 1.3 GHz.

* The threshold frequency above which transmitted microwave power significantly increases is assumed to be equal to the
plasma-vacuum SW resonance frequeficy = f,./v/2. The plasma density is then derived ¢ 2.10*° cm~3) using th

o It is based on observing the propagation of electromagnetic surface waves (SW) at the plasma-sheath boundary guided
a dielectric cylinder immersed in the plasma.

* The transmission spectrum is measured between two antennas situated at either end of the dielectric cylinder anq connec

to a network analyser. - I _ e )
The | f Hich th f _ a/3oof the pl f i above formula. The transmission coefficient spectrum was calculated with the finite element model and is compdred to the
* The lowest frequency at which the surface waves can propagate is eduaf2cof the plasma frequenay,, which ig measured one on the same figure. Both frequenties 1.28 GHz andf,. = 0.91 GHz are indicated with dashed vertial
directly related to the electron number density Fras
» \We call this probe the Plasma Transmission Probe (PTP) in contrast to the Plasma Absorption Probe (PAP) prpposed { T ~
Sugai and co-workers [2]. ; IO (@) : AU ()
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e A schematic drawing of the first PTP, seen from above, is shown in Fig. 1. The probe head (see Fig. 1a) corjsists of e (gmured' measured i
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teflon (relative dielectric constanat = 2.07) cylinder of 1.67 mm diameter into which antennas of length 1.4 mm are VLA RS S SRES SRR | Ny A AN -
Inserted at either end. The teflon cylinder ensures the continuity of the plasma-sheath boundary from one antgnna to tf Fig. 5 frequency (GHz) O Gequeney(@Hz)
other, excluding plasma. Comparison between the measured and calculated spectrum Effect of probe environment (model size R and boundary conditigns)
o PLASMA €, * Reasonable agreement is found despite some differences above the plasma frequency. The difference betweep the exper-
PLASMA “sheath & Imental and model spectra above tfyg can be attributed to external factor. The transmission spectra calculatgd with
sheath 5 ac 0n0 g - - .
00 direction different model radii R or boundary conditions (absorbing or reflecting) at the model radial boundary are shown on Fig. 5b.
?  Figure 6a shows how the spectra change when the plasma density is increased by increasing the RF power |n argon at
¢ 40 mTorr. The calculated transmission coefficient spectra shown in Fig. 6b were calculated at 40 mTorr using fhe deter-
A T mined densities as described previously.
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* Experimental transmission spectra were measured in a CCP discharge in argon (40.68 MHz) at various plasmp densiti S E
and pressures (40—750 mTorr). Plasma density was also measured in an ICP discharge in argon at 5 mTorr an¢l compa s £
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with the one measured with a microwave 1/4-wave resonator (hairpin probe [3]). A second PTP was used (see Hg. 2b). 1 s |
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g 2 ~— Smm_ a Plasma density (or RF power) dependency in argon 40 mTorr (a) measured and (b) calculated
Ig. coaxial cablic
First plasma transmission probe used in CCP Second plasma transmission probe used in a ICP * The pressure dependence (40—750 mTorr) at constant plasma density of the transmitted power spectrum is shown on Fig. 7.
The peaks due to resonances are not discernible at higher gas pressures and lower density, and cannot be used|to derive the
plasma density as in the PAP technique. The direct measurement of the plasma frequency becomes difficult at Ipw density

or high pressure, whereas the detectiori,.of, remains possible. The decrease of the transmission with decreasing glectron
density or with increasing gas pressure is due to the decrease of the plasma conductivity. This attenuation can bg mitigated

3 T h e O ry an d m O d e I by increasing the emitted microwave power.

» Analytical theory based on the work of Trivelpiece-Gould [4] indicates that the lowest frequency at which surface waves I <o | | A1 (). T T
can propagate is equal to plasma-vacuum resonance freqgieney f,./v/2. ' h ' ' :

* This latter frequency is directly related to the electron density by the relatipr=:2.5 x 10! f2 | wheren, is the plasmf
density in cm® and £, the SW resonance frequency given in GHz.
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» Using theelectrostatic approximatioand treating the plasma as an unlossy dielectric, Kokura et al [2] have shoWn that
SW propagating along the direction OO’ (see Fig. 1b) can be guided by the plasma-sheath boundary.
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» Calculated normalized dispersion relations of the first three azimuthal SW mades1('cm3, s = 5mm, a = 1 mm) W

are shown in Fig. 3a for two different dielectric between antennas (teflon or vacuum). R R T R R VR S S TR RS '
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Pressure dependency (40—750 mTorr) of the transmission coefficient spectrum at constant plasma density in argon
(a) measured (RF power 50 W) and (b) calculateds( = 2.10'° cm3).
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I » A comparison of the plasma densities determined with the PTP and with the hairpin probe in the ICP is shown if Fig. 8a.

0.90
o numerical model

o [ (vithout receiving antenna) | The ratio of the measurements is shown in Fig. 8b. The ratio is constant and less than 1. The discrepancy betwegn the PTP
| “e o and hairpin probe is that the PTP is mainly sensitive to the plasma density at the plasma-sheath boundary. The EM fields of
| o (it receiving antenna) surface waves are evanescent in the plasma. The measured SW resonance frequency isieeefdeat on the plasrha
] st I density at the plasma-sheath boundampich is known to be less than the plasma density in the bulk.
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Analytical dispersion relations Numerical and analytical dispersion relation (T, = 0, unlossy plasma) 5151 i gj Heerr.

 Fore, = 1, waves are excited betwesfy./v/2 and f,.. Therefore the transmitted power should increase abruptly for Zol 1% g: ' | ]

frequencies abovg,. /v/2 and decrease aboyg. during the frequency swept. Foy = 2 (teflon), the resonance frequercy g | o4l W ]

for m = 0 ?s unchanged, but the higher _order modes can p_ropagate at frequencies slightly lowgr thran However ir Z 5| 03} ]

a good axi-symmetrical system, excitation of such modes is not expected. 2 3-2? Lol |

A+ mtorr

* An aX|-symmetr|c flnlte element model of the probe was used to calculate transmission spectra where the plasma is treatq | 020" 39 60 50 100 120 190 Too s0 200, QO
as a lossy dielectric. Fig. 8 RF power (W) RF power (W)

Comparison of high plasma densities measured with a hairpin probe and a PTP versus RF power in argon at 5mTorr.

e The overall model geometry is shown in Fig. 4a. An incident TEM wave is injected at the input of the cable conhnected
to the emitting antenna (E). THall set of Maxwell's equations then solved numerically by the FEM method usirjg a
commercial software packagegMLAB). The solution was assumed to be a transverse magnetic (TM) wave. Dug to the

axial symmetry, only the angular moade = 0 is allowed. Amplitude of the calculated EM field is shown in Fig. 4b i an -
unlossy plasma for 20 dBm input power betwegn and f,. (f = 0.655 GHz,n, = 10'cm™, f,., = 0.64 GHz,s = 5 mm, 5 COnCI USIOnS
a = 1mm).
) . | * A new microwave technique for measuring the local electron density in plasmas has been developed, based on 4 SW probe
| pobg e _ wisof L ® O used in transmission.
q -=- output port symmetry H,. =1A/m . ] ] o ] .
(a) f iy, | e ' ' e =33V » This probe, which we call the PTP, is promising for the measurement of relatively low plasma densitydm—) at
AT H ¢M higher pressure< 1 Torr).
- e N _ A=135mm | « The determination of the plasma density is based on the direct determination of the resonance frequency of a $W propa-
pe b — : [ E, W ° gating along the plasma sheath interface surrounding the probe, which is directly related to the plasma frequengy, i.e. the
(b) - b = plasma density.
_ e E, —=puesesssssseta- - e The effect of the plasma density distribution around the probe, the sheath thickness and the permittivity of the dielectric
Fig. 4 cylinder have been investigated using both modeling and experiments and will be discussed in a further publication.

Overall model geometry and prope head close-up Amplitude of the EM fields befwemmnd £,

« ATM (m = 0) SW mode excited, guided by the plasma-sheath boundary between antennas is clearly identified gn Fig. 4b.
The wavelength can be derived from the field amplitudes. Thus, the dispersion relation calculated with the fyill set of
Maxwell equations can be determined and compared with the analytical results using the electrostatic approxigmation i
Fig. 3b. A very good agreement is found between the analytical and numerical results justifying the calculated dispersio
relation and the use of the electrostatic approximation.
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