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Summary: Electron energy distribution functions (EEDF)
are obtained from probe measurement data along the axis of
the metallic chamber of an inductively driven tandem
plasma source. The numerical procedure for calculating the
second derivative of the probe current combines Savitzky-
Golay smoothing filter and the three-point differentiator
with a varying step. The EEDF is obtained through the
Druyvesteyn formula from the calculated second derivative.
The shape of the EEDFs in argon gas at low pressures is
investigated for the case of a tandem plasma source.
Experimental EEDFs are compared with Maxwellian
distributions, and deviations in the tail are observed at
higher pressures, which are explained in terms of the ratio
between the electron-electron collision frequency and the
excitation frequency. Axial variations of the slope and of
the area below the EEDF curve result in electron temper-
ature and concentration decrease along the axis.
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Electron energy distribution function (EEDF) measured for
gas pressure of 26 mTorr, at an axial position of 12 cm.
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Introduction

Inductively coupled plasma sources operating at low gas
pressures have been used as ion sources for particle
accelerators, and also in plasma processing and lighting
sources.'"! In many applications, plasma produced by a
cylindrical inductive discharge is transported to a proces-
sing chamber where the substrate is positioned.!"*! Plasma
parameters in this region are quite different than the
parameters in the driver region, and they vary with the axial
distance. Their prediction requires modelling®! or space
resolved measurements in both regions and such results are
very scarce in the literature.'*!
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Measurements of the EEDF are important for determin-
ing the plasma parameters and for optimizing the plasma
processes used for various applications.!"*®! The shape of
the EEDF significantly affects the effectiveness of ion beam
sources, especially in tandem plasma sources used for the
production of negative hydrogen ions. In the second
chamber of such plasma sources, the plasma density and
the electron energy substantially decrease in comparison
with those in the driver region, which requires investigation
of the spatial variations of the EEDF. Probe diagnostics
technique is a commonly used method for determination of
EEDF because of its simple design and its good spatial
resolution. The EEDF shape in the driver and extraction
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regions of the tandem negative ion source is well
investigated for filament discharge in hydrogen.'*>! The
changes of the EEDF in an inductive discharges in argon
with variations of the neutral gas pressure and applied
power are obtained by Godyak et al.'®! Our measurements
of EEDF are performed in a large diameter metallic
chamber where the argon plasma (produced in small
diameter quartz tube by an inductive discharge) expands,
and therefore variations of the plasma parameters with the
distance from the discharge are expected. The EEDF is
obtained from the Druyvesteyn formula!’! and the calcu-
lations of the second derivative of the current-voltage (I-V)
probe characteristics. Different methods have been devel-
oped to obtain the second derivative of the probe current:
analogue devices,'®® numerical differentiation of the probe
characteristics,m’g’]m or mixed methods.!""! Advantage of
the numerical processing of the probe data for EEDF
determination is the short time of measurements,"'?! which
limits the contamination of the probe’s surface. The aim of
this study is the experimental investigations of the axial
variation of the shape of the EEDF in the plasma expansion
region of an inductively driven tandem plasma source.

Experimental Part

The experiments were performed in the second chamber of an
inductively driven tandem plasma source (Figure 1). The
plasma was created in the first chamber of the source, in the
driver region. It is a quartz tube with a length of 300 mm and an
inner diameter of 45 mm. The plasma produced here expanded
in a second metal chamber, the expansion chamber, which was

discharge with a nine-turn copper coil driven at 27 MHz. The
output power of the RF generator was adjusted so that the
coil delivers approximately 160 W of HF power to the plasma.
The working gas was argon at pressures in the range of 8 to
26 mTorr.

The measurements were performed in the expansion region
of the plasma source by an axially movable single Langmuir
probe. The probe was a tungsten wire with a length of 4 mm and
a diameter of 0.1 mm. To avoid the distortion of the probe
characteristic from the HF field, four resonant chokes and a
floating electrode were incorporated in the probe head. The
chokes were tuned to the fundamental and to the second
harmonic frequency of the driving signal of 27 MHz. The I-V
characteristic of the probe was measured by an acquisition
system.m] The system consists of aramp generator and a high-
voltage amplifier, which produced a linear ramp (—70 to
430 V) with a repetition frequency of 160 Hz. The probe cur-
rent was converted into voltage through a transimpedance
amplifier and it was registered by a digital oscilloscope. The
waveforms of the probe voltage and probe current were then
transferred to a PC for numerical processing.

Numerical methods''*! were applied to the probe character-
istic data in order to obtain the second derivative of the probe
current. The procedure included averaging of 2560 character-
istics, numerical smoothing and differentiation. For the
numerical smoothing a second order Savitzky-Golay filter
was used. The three-point differentiator modification with
changing differentiation step was used for the calculation of the
second derivative of the smoothed probe characteristic. This
method allowed additional noise suppression and good energy
resolution. The EEDF (F(E), where E is the electron energy)
was obtained via the Druyvesteyn formula from the second
derivative of the probe current (/,):
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Figure 1. Schematic representation of the experimental set-up and of the probe

diagnostic system.
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Here m, e, S, Uy, and U are the electron mass, charge, probe
area, plasma potential and the voltage applied to the probe,
respectively. For comparison with a Maxwellian distribution,
EEPF (F,(E) = F(E)/VE) instead EEDF was used. The
plasma density, n., and the temperature, T, corresponding to
the mean electron energy were also obtained by numerical
integration of the EEDF:

Emax
ne = J F(E)dE (2)
0
Emax
T, = EF(E)dE 3
o | EF®) ()

0

where k is the Boltzmann constant and E,.. is the energy
for which the second derivative of the ion current is comparable
with that of the electron current.

Results and Discussion

The EEPFs measured for distances z =2, 6, 12 and 22 cm
from the end of driver region (z=0), are presented in
Figure 2 and 3 for pressures p=8 and 26 mTorr,
respectively. The Maxwellian distribution is presented by
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dashed lines in the figures. The results show that at lower
pressure (8 mTorr) the EEPF is Maxwellian for all axial
positions. The body of the EEPF at p =26 mTorr has a
Maxwellian shape while the tail deviates from Maxwellian
in the inelastic energy range (E>E*). The electron
temperature obtained from the slope of the measured EEPF
bodies decreases with the distance from the driver region
from3eVatz=2cmto2.6eVatz=22cm for p =8 mTorr,
and from 2.9 eVatz=2cmto2.5eVatz=22cm at p=
26 mTorr. The electron density decreases along the axis
from 1.7 x 10"°m 310 0.64 x 10'°m—3 at p =8 mTorr, and
from 3.0 x 10" m > t0 0.32 x 10'° m ™~ for p = 26 mTorr,
for the same axial positions. The body of the EEDFs is
Maxwellian for both pressures at all axial positions because
the electron-electron collision frequency v, is higher than
2meven/M;, which is the characteristic frequency for energy
transfer in electron-neutral elastic collisions (v, is the
electron-neutral collision frequency and M; is the neutral
mass).””! In the investigated pressure range, and with the
obtained values of the electron temperatures, the value of
the excitation frequency v* is higher than the ionization
frequency v.'"*® The v*(T.) dependence is presented by
continuous and dashed curves in Figure 4 for p =8 mTorr
and p =26 mTorr, respectively.
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Figure 2. EEPFs measured at p =8 mTorr for different axial positions: (a) z=
2cm, (b)z=6cm, (c) z=12 cm, (d) z=22 cm.
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EEPFs measured at p =26 mTorr for different axial positions: (a) z=

2cm, (b) z=6cm, (c) z=12 cm, (d) z=22 cm.

The electron-electron collision frequency decreases
along the axis due to fast decrease of the electron
concentration regardless of the decrease of the electron
temperature. The result shows that the experimentally
obtained values (solid points) of the collision frequency ve,
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Figure 4. Comparison of the electron-electron collision fre-
quency, Ve, at z=2, 6, 12, 22 cm and the excitation frequency
v#(T,) for pressures p = 8 mTorr and p =26 mTorr.

are higher than the excitation frequency v* (solid curve) at
p =28 mTorr. This ensures the Maxwellian shape of the
EEDF. The values of v.. (open circles) along the axis at
26 mTorr are lower than v* (dashed curve) and, consequent-
ly, the shape of the EEDFs deviates from a Maxwellian one
in the inelastic energy range.

The electron temperatures atz =6 cmare 7, = 2.8 eV (for
p=38 mTorr) and 7.,=2.7 eV (for p =26 mTorr). The
results we obtained show that after a faster drop close to
the end of the driver region, reported also in another
work,!"* the electron temperature decreases slowly
with the distance. The energy relaxation length Ap =
Aen / \/2m,/M; in the elastic energy region is larger than
the metal chamber length which explains the weak changes
of electron temperature along the axis for z > 6 cm (4, is
the electron mean free path for elastic collisions with
neutrals).

The deviation of the EEDF from Maxwellian distribution
depends on the ratio of the excitation frequency to the
electron-electron collision frequency at every axial position.
At intermediate pressure in the investigated pressure range,
the change of the EEDF tail (non-Maxwellian to Maxwel-
lian) is expected because the decrease of the plasma density
with the axial distance from the end of the driver region.

Plasma Process. Polym. 2006, 3, 151-155

www.plasma-polymers.org

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Electron Energy Distribution Function Measurements in an Inductively Driven Tandem Plasma Source

Plasma Processes

and Polymers

Conclusion

Electron energy distribution functions in the expansion
chamber of a tandem plasma source are obtained for dif-
ferent axial positions. In argon gas at pressure p = 8 mTorr,
the EEDFs we obtained are Maxwellian for all axial
positions z (z=2 cm to 22 cm). The body of the EEDFs
for p =26 mTorr has a Maxwellian shape, while the tail
deviates from the Maxwellian one in the inelastic energy
range because the electron-electron collision frequency is
lower than the excitation frequency. For z>6 cm, the
electron temperature decreases slowly with the distance
due to a large energy relaxation length in comparison with
the chamber length.
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