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It is shown that Langmuir probes can have three different floating potentials it plasmas
produced by 2 hot filament discharge in a muklti-dipole device when the primary and secondary
electron currents are comparable. The measured floating potential depends on the probe’s
initial condition—the most negative and the least negative potentials are found to be stable and
the in-between value is found to be unstable. Results are compared to a simple theoretical

model.

I INTRODUCTION

The floating potential of a Langmuir probe in a plasma
is the bias potential at which a probe draws no net current,
i.e., electron and ion currents balance. It is rejatively easy 1o
measure the floating potential requiring little more than a
high impedance volimeter, if frequency response is not an
issue. It is often taken to be a good indicator of the plasma
potential."” For nondrifting Maxwellian plasmas with elec-
tron temperature T, it is easy to show that the floating po-
tential differs from the plasma potential by several 7, /e."”?

Many plasmas contain electrons and/or ions which are
sufficiently energetic to produce secondary electrons. 1t has
been recognized that secondary eleciron emission from a
probe can reduce the apparent electron temperature and
shift the Roating potentiai® because the emitted secondary
electron current looks like an effective collected ion current.
In this paper we show that the secondary eleciron emission
can result in 2 more extreme phenomena~—multiple valued
floating potentials. Here we give an example of a probe
which can draw zero net current for three bias voltages in the
same plasma. We also show that two of the floating poten-
tials are stable and the other one is unstable for the same
plasma.

ii. EXPERIMENTAL CONSIDERATION

The experiment was performed in a multi-dipole plasma
device®” which has 14 vertical and six top and eight bottom
magnet arrays. These magnet arrays form a surface magnet-
ic field near the chamber wall so that the plasma is formed in
a magnetic-field-free region. Argon plasma was produced by
energetic primary electrons emitted from hot filaments.
Typical plasma parameters were electron temperature 7,

= 2-6¢eV, ion temperature T, -=0.2 eV, and electron density
n, = 3 1084 X 10° em ? with the argon neutral pressure
P, = 1X107°-4X 107 * Torr. The plasma forms a virtual
anode concentric with each filament so that the energy of the
primary electron E, is determined by the plasma potential
minus the filament bias, i.e., £, =e(V, — ¥¢), where V, is
the plasma potential and V' is the filament bias voltage. The
primary ionizing electrons are confined by the multidipoie
magnetic field. This confinement of primary electrons signif-
icantly increases the plasma density*® compared to devices

@ Present address: U.S. Department of Energy, Washington, DC.

5674 J. Appl. Phys. 83 (12}, 15 June 1988

0021-8978/88/125674-04302.40

without surface magnetic fields. The primary electron distri-
bution function can be represented by a shell in velocity
space.’

The primary electrons cause the emission of the second-
ary electrons from the probe. If the secondary electron emis-
sion is not restricted by a space charge, the secondary elec-
trons leave the probe freely.” The secondary electron
emission yield o( F) is defined as the average number of sec-
ondary electrons emitted from a bombarded material for ev-
ery incident primary electron.® For a clean tantalum o(E)
has a value of unity at E, = 250 eV and a maximum value of
7, =1.3 at B, = 600 eV.*** The secondary electron emis-
sion yield o (E) of clean tantalum varies almost linearly from
20 to 400 V.7 For the measurements of the secondary elec-
tron emission effects on the Langmuir probe I-F characteris-
tic presented here, 5- and 0.6-cm diam tantalum disks were
used.

). EXPERIMENTAL RESULTS

The ficating potentials of probes measured by a typical
voitmeter {1-M{} impedance) as a function of the primary
electron energy are shown in Fig. 1 (for the 0.6-cm diam
tantalum disk) and Fig. 2 (for the 5-cm diam tantalum
disk). The discharge current was kept constant during the
measurement in each case. When the primary electron ener-
gy £, is increased, the floating potential becomes more nega-
tive to repel the increased electron energy. When the second-
ary electron current, which contributes a positive current, is
greater than the primary electron current, the floating po-
tential is expected to become more positive. In Fig. Zitisseen
that the floating potential of the larger diameter probe jumps
positively above a certain critical energy of the primary elec-
tron. This sudden jump of the fioating potential is explained
fater. When £, is large enough, the primary and secondary
electron currents severely affect the Langmuir probe I-V
characteristic.

When the primary electron energy is greater than the
critical energy and the neutral pressure is low, the Langmuir
probe I-V characteristic was found to have three different
floating potentials. Although the Langmuir probe I-¥ char-
acteristic has three different floating potentials, the volt-
meter indicated only the least negative potential. Above the
critical energy the measured floating potential jumped posi-
tively. On the other hand, the measured floating potential of
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FIG. 1. Primary electron energy vs floating potential measured by a 0.6-
cm diam tantalum disk probe. The discharge current is fixed at 100 mA.

the 0.6-cm tantalum disk probe does not show the jump of
the floating potential.

The data in Fig. 3 show why the 0.6-cm tantalum disk
probe does not show the discontinuous jump. The current
scale is normalized by the collecting area of the probe in Fig.
3. The area ratio of the 5-cm tantalum disk probe to the 0.6-
cm tantalum disk is about 70 so that the slope of the load line
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FIG. 2. Primary electron energy vs fioating potential measured by a 5-
cm diam tantalum disk probe. The discharge current is fixed at 100 mA.

5675 J. Appl. Phys., Vol. 83, No. 12, 15 June 1988

B
Load Line 2
for 0.86cm Ta Probe
t.ogd Line
for
S5cm Ta Probs Vg {¥ait}

4 T L
~-300 -?jy 106G {

E = 3008Y 200eV 5oy

FIG. 3. The Langmuir probe I- ¥ characteristics and the load line of measur-
ing circuit for 0.6- and S-cm tantalum disk probes. The load lines are nor-
malized by the collecting area of probe. The scale is exaggerated for itlustra-
tion.

for the 0.6-cm tantalum disk probe is 70 times greater than
that of the 5-cm tantalum disk probe. The /-¥ characteristic
has three different floating potentials, i.e., three intersections
with 7 = O, the load line with zero slope. The load line for the
5-om tantalum disk probe has three crossing points with /-¥
characteristic but the load line for 0.6-cm tantalum disk
probe has only one crossing point. Note that the 1-M(} input
impedance of the voltmeter is not large enough to accurately
measure the two floating potentials of the 0.6-cm tantalum
disk probe in this case and then the least negative potential is
indicated.

Langmuir probe I-¥ characteristics for various condi-
tions are shown in Fig. 4. Athigh neutral pressures the Lang-
muir probe I-V characteristic does not have multiple vajued
floating potentials because the primary electron and second-
ary electron currents are smaller than plasma ion current.
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FIG. 4. I-V characteristics of a S-cm diam tantalum disk probe. (2} L. E,
= 100V, IL 200 eV, 111 300 eV, IV. 400 eV with P, = 1 X 10° Torr. (b} L.
E, = 100eV, IL 200 ¢V, {11 400 eV with £, = 4X 107 Torr.
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The measured floating potential was found to depend on
the initial condition of the probe—ithe most negative and
least negative potentials were found to be stable and the in
between one to be unstable. If the probe was initially biased
more negative than the in between potential ¢, , the floating
potential is ¢, . Otherwise the floating potential is ¢, .

V. DISCUSSION
A. The reason for two stable values of floating potential

Note that at ¢,, and ¢, the I-V characteristics have a
negative slope, i.e., 47 /dV <0, and at ¢, it has a positive
slope, L.e., df /dV >0 (see Fig. 5). If the probe is foating at
either ¢,, or ¢,, and the potential is perturbed positively,
negative current flows through the capacitance between the
probe and ground. The negative current decreases the voi-
tage across the capacitor and the positive perturbation is
reduced. If the potential is perturbed negatively from ¢, or
#7s, the voltage across the capacitor is increased by the posi-
tive current and the perturbation is again reduced. There-
fore, these two potentials are stable.

If the probe is floating at ¢,, and the potential is per-
turbed positively, then the voltage across the capacitor is
increased by the positive current. The increased voltage
causes more positive current so that the voltage is increased
more positively until it reaches the stable floating potential
¢¢. When the potential is perturbed negatively, a similar
process drives the potential to the stable floating potential
¢y, - Therefore, ¢, results from the initial probe bias above
¢, while ¢, from an initial probe bias below ¢, .

B. Simple theoretical model

The current collected by a probe is composed of ion and
electron currents, and primary and secondary electron cur-
rents. The probe current I, from the background electrons
and ions with Maxwellian distributions is expressed'? by
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FIG. 5. (a) Equivalent circuit diagram for the fioating potential measuring
circuit, and (b) the load line for the circuit. The scale is exaggerated for
iltustration.
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L0 (V) =1, —n,ed J(T,/2am,)

xexpl —e(V, —Vp)/T.7,

V<V, (13
where I, is the ion saturation current, 4 is the collecting area
of the probe, and ¥, is the probe bias voltage. The primary
electron emitted from the hot filament can be considered to

be monoenergetic, i.e., a shell distribution in the velocity
space. The primary electron current /, as a function of the

probe bias can be written>!!
L, (V)= — (n,edv, /4)
x{1—[e(V, ~ Vp)/E, 1}, (2)

where v, is the velocity of primary electrons and n,,, is the
primary electron density. Note that the primary electron
current varies linearly with the probe bias ¥,. In order to
simplify the calculation of the secondary emission current,
we assume that the secondary emission yield o(E) has a
foliowing form:

o{E)=a+b(E/E,)), forE>20eV, (3)
wherea = 0.43, b = 0.82, and E, = 400 eV for a clean tanta-
lum. This expression is valid within + 6% for E, <400 eV.”

The secondary electron current I, as a function of the probe
bias ¥ can be written'?

Zred Jf(de(l _ Yy = Va) VB))
=

€

IES(VB) =

Xole—e(V, —Vy)]de, (4)

where e = m_v°/2 and f{e) is the velocity distribution func-

For monoenergetic primary electrons the distribution func-
tion is given by

ey = (n,m. /4w, }b(e — E,) . (5)

Substituting Egs. (3) and (5) into Eq. (4) and carrying out
integral gives
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FIG. 6. Comparison of the experimental data and theoretical I-V character-
istics. The solid lines indicate the experimental data and the dotted lines the
theoretical calculation. (a) 7T, =6eV,n, =6.9x10%em™ 4, P, = 210
Torr. (b) T, =4eV, n, = LIXI0 em ™3, P, =4 X 107° Torr.
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IRTRBILOS WAL ATAY

4 E
+b§:;(g “_e(Vp; Vﬂ.ﬂ. (6)
o P

The total current of the probe f, is
It(VB):jpl(VE)—-'[ep{VR)—{"Ies(VE)- (7)

The experimental data and the theoretical caleunlation
using Eq. (7) are compared in Fig. 6. The main discrepancy
comes from the inaccurate estimation of the plasma electron
density and temperature and the difference between the sec-
ondary electron emission coefficient of real tantalum disk
probe and clean tantalum. It is hard to accurately subtract
the plasma electron current and primary electron current
from the affected I-¥V characteristic. o(E) of the real tanta-
lum disk probe is higher than that of clean tantalum because
the surface of the probe is dirty. Although the probe is
cleaned by high-energy ion bombardment (the probe is bi-
ased at — 600 V), the probe surface returns to dirty state
within approximately 1 min.
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