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Novel Plasma Diagnostic Measurement of Electron
Temperature and Electron Density Using
Tone Burst Wave

Takeshi Katahira, Hiromu Kawana, Mikio Ohuchi, and Shuichi Sato

Abstract— We used the tone burst floating probe method to
measure plasma parameters in a hollow cathode discharge. In this
method, the electron temperature is directly calculated from
a shift in the floating potential of the burst interval when a
tone burst signal is applied to a probe through an intermediary
blocking capacitor. The tone burst signal is a signal that applies
an ac signal for a fixed time and turns off the remaining time
of the cycle. It was possible to measure the same electron
temperature as in the floating probe method that we previously
reported. In the tone burst floating probe method, it is possible to
measure the ion current by a shift in the floating potential from
the time constant of the burst interval. This is a new measurement
method that can measure the plasma density from the ion current
and the electron temperature during the tone burst signal input.

Index Terms—Electron temperature, floating potential, ion
current, Langmuir probe, plasma density.

I. INTRODUCTION

OW-PRESSURE plasma is widely used in semiconduc-
tor manufacturing processes, such as plasma chemical
vapor deposition (CVD) [1]-[3], sputtering [4]-[6], and etch-
ing [7]-[9], and its research and development are still in
progress at present [10]. In this process, it is necessary to con-
trol the physical properties of the plasma. In order to further
develop the plasma of the above process, it is indispensable
to construct a manufacturing system with the stable control
of various plasma parameters (plasma density: ng, electron
temperature: T, ion flux: I, and so on). For example, ng is
an important parameter that indicates the condition of the
ionized gas, and T, is used as a measure of the energy of
the plasma [11], [12]. Finally, I, is an important parameter
for controlling the ion flow in precision processing [13].
Various methods for measuring plasma parameters have
been reported, including the electrostatic probe method [14],
high-frequency probe method [15], [16], microwave measure-
ment method [17], particle measurement method [18], spec-
troscopy method [19], and laser measurement method [20].
Among such research backgrounds, we have been studying the
floating probe method [21], [22]. This method is different from
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the Langmuir probe method [see Fig. 1(a)], which measures
the current—voltage characteristics by directly inserting a probe
inside the plasma and applying a dc voltage. As shown
in Fig. 1(b), this method monitors the shift in the floating
potential when an ac voltage is applied to the probe through
an intermediary blocking capacitor. However, the limitation of
the proposed method is its inability to measure more than one
T, when multiple 7,’s are involved.

In this study, we propose a new tone burst floating probe
method that improves upon our previous floating probe
method. The point different from the floating probe method is
that instead of applying a continuous alternating current signal,
a “tone burst signal” is applied, which applies an alternating
current signal for a fixed period of one cycle and does not
apply a remaining time. By inputting the tone burst signal,
it is possible to measure 7, from the floating potential shift of
the burst interval. Unlike the previous floating probe method,
ion current (/;) can also be calculated from the time constant
of the burst interval. Finally, ny can also be calculated from
the obtained 7, and I;. We study these plasma parameters by
using the tone burst floating probe method in various hollow
cathode discharge processes.

II. EXPERIMENTAL SETUP

The apparatus used in this research was the same as in our
previous study [23]. Fig. 2 shows the apparatus for the pro-
posed tone burst floating probe method. The electric circuit of
a dc hollow cathode-type discharge tube is shown in Fig. 2(a).
The discharge was performed using argon (99.9999%) at a
total gas pressure of 0.3—-0.9 torr and a current of 10-40 mA.
The probe volt—ampere characteristics were measured using
a digital electrometer (ADC 8252, ADC Corporation, Tokyo,
Japan) with the switch set to ON, as shown in Fig. 2(a). The
probe voltage was varied from —30 to 5 V.

For the proposed tone burst floating probe method and
simple previous floating probe method [21], [22], ac volt-
age was applied using a function generator (AFG 3022B,
Tektronix Company, Tokyo, Japan) through an interme-
diary 0.001-uF blocking capacitor. Sinusoidal tone burst
waveforms with frequencies of 50 kHz and voltages from
10 to 20 Vp, (5-10 V in amplitude) were applied and mon-
itored using a digital oscilloscope (DPO 2024, Tektronix
Company, Tokyo, Japan). Stable values were obtained at a
frequency of 50 kHz in our previous study [21], [22]. The
electrometer switch was turned off, as shown in Fig. 2(a),
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Fig. 1. Schematics of probe methods: (a) electric circuit of Langmuir probe method and (b) electric circuit of floating probe method.
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Fig. 2. Experimental setup for floating probe method: (a) electric circuit and (b) image of electrodes and probe.

because it was not necessary to measure the probe volt—ampere
characteristics.

Schematic images of the probe, anode, and cathode are
shown in Fig. 2(b). Twelve stainless steel rods, each having a
1.0-mm diameter, were used as anodes. A hollow cylinder with
a 22-mm outer diameter, 16-mm inner diameter, and 50-mm
length was used as a cathode. A thin tungsten wire with a
diameter of 0.1 mm and a length of 2.0 mm was used as the
probe. At the center of the hollow region, the probe made
efficient contact with the discharge tube.

III. RESULTS AND DISCUSSION

In Section III-A, experimental results obtained using the
Langmuir probe, the previous floating probe, and tone burst
floating probe methods are presented and analyzed.

A. Measurement of Electron Temperature Using Langmuir
Probe Methods

Fig. 3 shows the discharge image and the probe’s volt—
ampere characteristics with a grounded plate. Fig. 3(a) shows

the probe’s volt—ampere characteristic when the gas pressure
was 0.3 torr and the current was 10 mA. This was the lowest
pressure and current among these conditions. On the other
hand, Fig. 3(b) shows that when the gas pressure was 0.9 torr
and the current was 40 mA, this was the highest pressure
and current among these conditions. The discharge current
increased as the bias voltage increased and shows a nonlinear
current—voltage curve. This nonlinear curve for the discharge
current agreed with the measurements reported in an earlier
study [21], [22]. The measured current—voltage characteristics
were slightly slower for the low-voltage small current than
for the high-voltage large current. The floating potentials (V)
at which the probe current became 0 had almost the same
values: —2.87 at 0.3 torr and 10 mA, and —2.89 at 0.9 torr
and 40 mA.

From the probe current—voltage characteristics, 7, was
calculated using the Langmuir probe method and was
assumed to follow the Maxwell distribution. As observed
in (1), T, depends on the derivative of the logarithm
of the electron current (I,) with respect to the applied
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Fig. 4. Electron current as a function of probe bias voltage in hollow cathode-type discharge at (a) 10 mA and 0.3 torr and (b) 40 mA and 0.9 torr.

probe voltage V

d

dvlnle = (1)
where I; and I, are combinations of the probe current (/). It is
necessary to subtract /; from /,. As a method of estimating I,
from I,, the tangential line in the high-negative-bias voltage
range as shown in Fig. 3(a) and (b) is considered as [;; then,
I, =1,-1I.

Fig. 4 shows the semilog plot of 7,. Two straight lines were
observed from —6.9 to —0.5 V and from —0.2 to 0.3 V, that
is, two 7,s were obtained. Comparing the results of 0.3 torr
and 10 mA [Fig. 4(a)] and 0.9 torr and 40 mA [Fig. 4(b)],
the high-tail electron temperature 7,; was 3.16 eV for 0.3 torr

and 10 mA, and 3.30 eV for 0.9 torr and 40 mA. On the other
hand, the low bulk electron temperature T,, was 0.18 eV for
0.3 torr and 10 mA, and 0.13 eV for 0.9 torr and 40 mA.
The discharge pressure and current did not strongly depend on
T, and T,;.

Table 1 summarizes Vy, T,;, and T,, among all discharge
conditions. In this study, the same conditions were measured
three times, and the mean value and standard error were cal-
culated from there. Within our experimental range, discharges
were performed under limited conditions. The conditions
shown in Table I are the conditions that we were able to
measure in this experiment. In addition, errors were introduced
while calculating the slope of the tangential line to estimate /;.
This is because it is difficult to remove the influence of I;.
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B. Measurement of Electron Temperature Using Previous
Floating Probe Methods

A summary of the previous floating potential ac diagnostic
method is given as follows. This is a simple condensed version
of the explanation from 2016 [21], [22].

Previously, we proposed a floating potential ac diagnostic
method to measure 7,, as shown in Fig. 1(b). When a
sinusoidal voltage (Esinwt) is applied to the probe voltage
(V,) through the intermediary blocking capacitor, the current
that permeates the sheath (/) may be written as a function of
I; and I, as

1(V, + Esinwt) = I; — I.(V, + Esinor). (2)

When the potential of plasma is Vg, (2) can be rewritten
using Boltzmann’s equation with 7, as

e(Vp -V + eEsina)t)

I(Vp + Esina)t) =1 — Iy exp(

kT,
e(V - Vv)
=1 -1 _~r %
0ExXP ( kT, )
eE . ; 3)
X in
exp kTeS Q)

where I,y is the saturated electron current. Equation (3) can
be rewritten using a Fourier series expansion and harmonic
analysis as follows:

. e(Vp - Vv) ek
I(Vp + Esma)t) = 1; — l,oexp T Iy k_T
e e

e(V,—Vs E
— Leo €Xp 7( L ) 214 il sinwt
kT, kT,

e(V,,—VS) ek
+ Loexp| —— )21» T

kT, e

e(Vp_‘/S) EE .
+ 1,0 exp T 215 T sin3wt
4)

where [,(x) is a modified Bessel function of the nth order.
When a sinusoidal voltage is applied to the probe through the
intermediary blocking capacitor, (4) can be rewritten with a

)cosZa)t

Shift of floating potential by applied sinusoidal voltage (a) before and (b) after.

zero dc component and V), is equal to Vy
e(vf - Vs) eE
I — I, —— ) =0. 5
OexP( KT, ) O(kTe) ©

In addition, 7, is equal to /; in the range of floating potential
when the floating potential in the absence of a sinusoidal
voltage is Vg

e(Vfo—Vs)) —0 6)

I — I, exp( T
e

Based on (5) and (6), the difference between the floating
potential as Vy — Vyo, which is the shift in the floating
potential resulting from an applied sinusoidal voltage, can be

represented as
e(V,—=Vy eE
Lo exp(iiT - )IO(kT )

e(Vig— Vs
{2
kT, eE
.'.AVfZVf—Vf():— - Inj Iy T .
(7

We call this method the “floating probe method” because
it focuses on the floating potential and probe method.
T, can be calculated directly using this method without using
volt—-ampere characteristics. Therefore, this floating potential
ac diagnostic method is effective. A method for measuring 7,
by superimposing an RF signal was previously reported [24].
Our floating potential ac diagnostic method is different in
which the dc component becomes 0 through the blocking
capacitor based on (5). However, the proposed method is
limited by its inability to measure more than one 7, when
multiple 7,’s are involved.

As shown in Fig. 5, T, can be calculated from the AV shift
in V, by applying a sinusoidal wave signal to the previous
floating probe method based on (7). A shift in the floating
potential is a function of the amplitude of 7, and E. When
Vy lacks an applied sinusoidal voltage, V; can be replaced
with Vf().

Table I summarizes a shift in the floating potential and
T, calculated by (7) in the floating probe method under all
discharge conditions. In the floating probe method, superim-
posing an RF signal includes a sinusoidal wave, rectangular
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TABLE I

FLOATING POTENTIALS AND ELECTRON TEMPERATURES IN HOLLOW CATHODE DISCHARGE BY
LANGMUIR, FLOATING PROBE, AND TONE BURST FLOATING PROBE METHOD
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Langmuir Probe Floating probe® Tone burst floating probe®
Pressure  Current
(Torr) (mA) Ve Ter Te> | AV T, | AV T.
V) (eV) (eV) V) (eV) V) (eV)

0.3 10 —2.87+0.41 3.16+£0.25  0.18+0.01 6.87+0.14 2.80+0.14 4.80+0.12 2.76+0.12

20 N.D®

30 N.D®

40 N.DY
0.5 10 —2.15+0.22  3.514£0.18  0.584+0.23 7.72+0.39 2.07+0.31 5.53+0.35 2.04+0.32
20 —2.51+0.47 3.52+£0.10  0.71+0.31 7.16+0.22 2.544+0.20 4.73+0.07 2.594+0.22

30 N.DY

40 N.D®

0.7 10 N.DY
20 —2.81+£0.43  3.19+£0.14  0.49+0.30 7.32+0.22 2.39+0.19 4.86+0.27 2.39+0.21
30 -3.43+0.05 3.20+£0.13  0.35+0.16 6.38+0.20 3.31+0.21 3.53+0.24 3.3240.20

40 N.DY

0.9 10 N.DY
20 —2.36+0.24 3.34+0.12  0.22+0.01 7.18+0.29 2.53+0.26 5.00+0.20 2.444+0.32
30 —2.51+0.25 3.45+£0.08  0.20+0.02 6.94+0.31 2.75+0.28 4.274+0.07 2.88+0.21
40 —2.79+0.34  3.30+£0.03  0.20+0.03 6.36+0.02 3.30+0.05 3.73+0.07 3.38+0.05

a) Frequency: 50 kHz at 20 V,,
b) Not Determined

wave, and triangular waves. In this study, we used a 20-Vp,
and 50-kHz sinusoidal wave whose 7, was a converged value
based on previous reports [21], [22]. |A V| and the effective T,
were 6.87 V and 2.80 eV at 0.3 torr and 10 mA, and 6.36 V and
3.30eV at 0.9 torr and 40 mA, respectively. Compared with 7,
in the Langmuir probe method, only one 7, can be calculated
using the floating probe method. The value is close to the
high-tail 7,; value. Because high-tail 7, has a larger amount
of plasma energy than T, 7, is an industrially important
plasma parameter.

C. Measurement of Electron Temperature Using Tone Burst
Floating Probe Method

In the floating probe method, the value of Vjy (signal
OFF) shown in Fig. 5 gradually shifts because the discharge
is unstable. The measurement conditions change from time
to time. Therefore, it is necessary to switch the signal ON
and OFF instantly because the measurement time is so short.
To switch instantaneously, we used a new tone burst waveform.
This method is called the “tone burst” floating probe method.
As shown in Fig. 6, signal ON and signal OFF are repeated by
applying a sine-wave tone burst signal. The median floating
potential when the signal is ON is V;’. When the signal turns
off, positive ions flow into the negatively charged blocking
capacitor, and the probe potential moves in the direction of
the positive voltage and becomes a constant potential Vq’.

kT, eE
In I() .
2ol o(iz))

AVf: Vf/—Vfo/ =

@)

T, can be calculated from the same equation [see (7)]. The
shift in floating potential between the signal ON and OFF can
be measured average value of signal ON within one cycle and
steady voltage of signal OFF, as shown in Fig. 6. Therefore,
even when the plasma is temporally unstable, 7, can be
precisely calculated.

Fig. 7 shows the input voltage dependence of 7, calculated
by the tone burst floating probe method when the gas pressure
was 0.9 torr and the current was 40 mA. In a range lower than
10 Vpp, T, could not be observed because a precise AV, was
not obtained, that is, when burst waves were applied, there
was no shift in the floating potential. Therefore, 7, could
be observed in the range of 10-20 V,. As the frequency
increased at the input waveforms, 7, decreased and converged
to 3 eV. The value was close to the high-tail T,; value,
as with the previous floating probe method. This electron
temperature also showed good agreement with the electron
temperature of the floating probe method. A more accurate
electron temperature was required because the switching time
required by the floating probe method was eliminated.

Fig. 8 shows a graph comparing 7, of the tone burst floating
probe method (7rgr) shown in Table I and 7, of the floating
probe method (7wp). It can be seen from Fig. 8 that the tone
burst floating probe method is consistent with the measurement
results of the floating probe method.

Table I summarizes the shift in the floating potential and the
effective T, calculated by (8) in the tone burst floating probe
method under all discharge conditions. Interestingly, as the
pressure and current increased, 7, in the tone burst floating
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probe method agreed with that in the Langmuir probe method.
The value converged to 3.0-4.0 eV. On the other hand, when
the discharge pressure and current were low, the value in the
tone burst and previous floating probe methods was lower than
that in the Langmuir probe method. This is because the plasma
condition changed drastically when the discharge pressure and
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4.0 T T T T
0.3-0.9 Torr
10-40 mA
Ao
a0l 0.3 T({. _
% 0.9 Torr ¢
: N
= 0.5 Torr
v i
201 0.7 Torr
1.0 1 1
1.0 2.0 3.0 4.0
Tep (eV)
Fig. 8.  Electron temperature of the tone burst floating probe method and

electron temperature of the floating probe method.

current were low. Since the probe is not sufficiently exposed
to the plasma in this condition, 7, in the tone burst floating
probe method changed from time to time, that is, this method
measures 7, in an unstable state of plasma.

D. Measurement of Various Plasma Parameters by Tone
Burst Floating Probe Method

Various plasma parameters except for the effective 7, were
also calculated by the novel tone burst floating probe method.
This is the difference between the previous floating probe
method and the new tone burst floating probe method. In this
section, other parameters (time constant 7, /;, and ng) mea-
sured or calculated by the tone burst floating probe method
are presented.

As shown in Fig. 6, the time constant 7 indicates the initial
slope from the signal ON to the signal OFF. t was observed
because the ion current to the probe discharges the charge
from the blocking capacitor. The first /, can be measured
in the probe and /, can be neglected at large negative probe
potential, so I, can be represented as the capacitance of
blocking capacitor C dependent on AV,. When a sufficiently
large alternating voltage is applied to the probe, the probe is
biased to a large negative voltage, and at the moment of signal
OFF, it can be considered that only charged particles flow into
the probe are ions. If this is the ion current /;, it is equal to
the current flowing in the blocking capacitor, that is, assuming
that the moment of signal OFF is ¢t = 0

dvy AVy

li=1,@1) |, = P O%C — ©)
=

As the floating voltage rises, the electron current also flows
in, so the rate of change of the floating voltage decreases and
converges to the steady-state value. This steady-state value
should be the floating voltage Vo when there is no signal.
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TABLE 11
TIME CONSTANT, [ION CURRENT, AND PLASMA DENSITY IN HOLLOW CATHODE DISCHARGE BY THE TONE BURST FLOATING PROBE METHOD

Time constant Ton current Plasma density
Pressure Current B I 1o
(Torr) (mA) (ms) (x 10_(,A) (x 100 Cm.})
0.3 10 0.88+0.11 4.454+0.56 1.78+0.26
0.5 10 0.65+0.04 5.10+0.89 3.30+0.72
20 0.35+0.06 11.7+£2.43 4.90+1.23
0.7 20 0.35+0.03 11.3+0.69 4.84+0.26
30 0.21+0.04 14.2+2.62 5.18+1.01
0.9 20 0.44+0.05 9.23+1.06 3.96+0.52
30 0.25+0.02 13.8+1.10 5.39+0.58
40 0.29+0.03 10.6£1.30 3.81+£0.46

Therefore, the time of signal OFF needs to be sufficiently
longer than 7 in this tone burst floating probe method. In addi-
tion, it is necessary to select a blocking capacitor with a low
capacitance so that the floating potential changes in a short
time.

Finally, no can also be calculated by using this tone burst
floating probe method. The ion current to the probe immedi-
ately after signal OFF is the Bohm velocity, /; can be calculated
by (10) using the positive ion mass M and probe area S [23]

kT, CAV,
L =e-0.6lng/—2 S~ —1L
M T

Equation (10) can be transformed into (11) and

(10)

o M CAV;
T 061S\ kT, et

(1)

no

where no can be calculated from 7, and 7.

Table II summarizes 7, I;, and no in the tone burst
floating probe method under all discharge conditions. When
the floating potential shifted to a constant, 7 varied from
0.21 to 0.88 ms, and the value tripled. The higher the effective
T,, the lower v when the discharge pressure and current were
high. I; can be calculated from (10) and the obtained 7, and ng
when C is 0.001 xF and e is 1.602 x 107! C. I; ranged from
4.45 to 14.2 x 107% A. By contrast, with regard to 7, as the
discharge current increased, /; increased. This tendency was in
good agreement with that in the literature [13]. Finally, ny was
calculated from (11) when S was 1.26 x 10> m? and M was
6.68 x 1072 kg. nj ranged from 1.78 to 5.39 x 109 cm™3.
The value of ny was also low when the discharge pressure,
current, and I; were low; otherwise, the values were almost
the same. Unlike /;, T, did not strongly depend on ny.

Thus, the proposal tone burst floating probe method has
an advantage whereby the shift in the floating potential can
be found by means of only “one cycle” of the tone burst
wave. This, therefore, considers most of the advantages of
our previous floating probe method.

In addition, this method has the following other advantage.

1) It solves the effect of the time change of V; or V.

2) The approximate spatial potential can be determined as
the positive peak signal voltage.

3) I; can be determined from the time change of V.

4) ng can be determined from the effective 7, and ;.

IV. CONCLUSION

T,, I;, and ny were calculated using a tone burst floating
probe method through a hollow cathode-type discharge tube.
This was an improvement on our previous floating probe
method. 7, was rapidly calculated from a shift in the floating
potential of the burst interval when a tone burst signal was
applied to a probe through an intermediary blocking capacitor.
Then, I; and ny were calculated from 7 to shift the floating
potential between signals ON and OFF. Since 7, was changed
from time to time when the discharge pressure and current
were low, T, in the tone burst floating probe method was not in
agreement with that in the Langmuir probe method. However,
T, in the tone burst floating probe method agreed with that
in the Langmuir probe method when the discharge pressure
and current were high, that is, this tone burst floating probe
method can measure 7, in an unstable state of plasma.
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