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Abstract

We measured electron temperatures through a hollow cathode-type discharge tube using several
different ﬂoating probe methods. This method detected a shift in the ﬂoating potential when an AC
voltage was applied to a probe through an intermediary blocking capacitor. The shift in the ﬂoating
potential is described as a function of the electron temperature and the applied AC voltage. In this
study, the effects of the frequency and waveform on the electron temperatures were systematically
investigated. The electron temperature measured when using the ﬂoating probe method with applied
sinusoidal and triangular voltages was lower than that measured with an applied rectangular voltage.
The value in the high frequency range was close to that of the tail electron temperature.
Keywords: electrostatic probe, Langmuir probe, ﬂoating potential, electron temperature, sheath
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

Conventional methods for measuring plasma parameters
include the use of electrostatic probes (Langmuir probe
method) [14], high frequency probes [15, 16], neutral analysis
[17], and laser spectroscopy [18]. In particular, the Langmuir
probe method shown in ﬁgure 1 is primarily used for plasma
diagnostics because of its simple conﬁguration [19]. Here, the
measuring probe is directly inserted into the discharged
plasma (ﬁgure 1(a)), and then the volt–ampere characteristics
are measured. However, the probe current (Ip) value includes
the effect of the ion current (Ii) as well as the electron current
(Ie) in the volt–ampere characteristics. Therefore, it is
necessary to remove the effect of Ii to measure Ie accurately.
However, this may introduce errors in ﬁnding the slope of the
tangent line to estimate Ii. Moreover, removing the effects of
the fast Te (tail electron temperature) makes it difﬁcult to
accurately measure the slow Te (bulk electron temperature)
because the plasma is disturbed as Ie increases in the region of
the space potential.
We proposed a new ﬂoating probe method to measure the
tail electron temperature as shown in ﬁgure 1(b). This method

Plasma technologies play a crucial role in the design of
semiconductor devices and are widely used in various semiconductor manufacturing processes such as plasma-enhanced
chemical vapor deposition [1–3], sputtering [4–6], and etching
[7–9]. Various ﬂexible devices have been developed in recent
years, and hollow cathode-type discharge is known to be
required for curved-surface treatment processes. The measurement of plasma parameters such as ﬂoating potential, space
potential, and electron temperature (Te) is critical for the precise
control of these manufacturing processes [10]. Therefore, the
accurate measurement of plasma parameters is important for
the next-generation semiconductor manufacturing processes of
high-density integrated circuits [11, 12]. In particular, Te is an
important plasma parameter because it is a measure of plasma
energy. This parameter is also considered important for nuclear
fusion energy as a next-generation energy source [13].
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Figure 1. Electric circuit schematics of (a) Langmuir probe method and (b) ﬂoating probe method.

Figure 2. Experimental setup for ﬂoating probe method: (a) electric circuit and (b) image of electrodes and probe.

monitors the shift in the ﬂoating potential when an AC
voltage is applied to the probe through an intermediary
blocking capacitor. We found that the value obtained using
the ﬂoating probe method was almost the same as that
obtained using the Langmuir probe method [20]. We call this
method the ﬂoating probe method because it focuses on the
ﬂoating potential and the probe method. Te can be calculated
directly by using this ﬂoating probe method without using
volt–ampere characteristics.
The limitation of the proposed method is its inability to
measure more than one Te when multiple electron temperatures are involved. Moreover, the electron energy distribution function cannot be measured accurately using the
Druyvesteyn method [21]. In this study, we systematically
investigated the ﬂoating probe method. We measured the
electron temperature by using a triangular voltage in addition to the sinusoidal and rectangular waves used in our
previous report during hollow cathode-type discharge. The
effects of frequency and waveform on the electron temperatures were systematically investigated. We discuss
here why only one Te can be measured using the ﬂoating
probe method.

2. Experimental setup
The experimental apparatus used in this research was the
same as that in our previous study. Figure 2 shows the
apparatus used for the proposed ﬂoating probe method.
Figure 2(a) shows the electrical circuit of the hollow DC
cathode-type discharge tube. Discharge was performed using
argon (99.9999%) at a total gas pressure of 0.3 Torr and
current of 10 mA. The probe’s volt–ampere characteristics
were measured using a digital electrometer (ADC 8252, ADC
Co., Tokyo, Japan) with the switch set to ON as shown in
ﬁgure 2(a). The probe voltage was varied from −30 to 5 V.
For the proposed ﬂoating probe method, an AC voltage
was applied using a function generator (AFG 3022B, Tektronix Co., Tokyo, Japan) through an intermediary 0.1 μF
blocking capacitor. Sinusoidal and rectangular waveforms
with frequencies from 100 Hz to 100 kHz and voltages from 0
to 20 Vpp (0–10 V amplitude) were applied and monitored
using a digital oscilloscope (TDS 2024B, Tektronix Co.,
Tokyo, Japan). The electrometer switch was turned OFF as
shown in ﬁgure 2(a) because it was not necessary to measure
the probe volt–ampere characteristics.
2
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Figure 2(b) shows schematic images of the probe, anode,
and cathode. Twelve 1 mm diameter stainless steel rods were
used as anodes. A hollow cylinder having a 22 mm outer
diameter, 16 mm inner diameter, and 50 mm length was used
as the cathode. A tungsten wire with 0.1 mm diameter and
2 mm length was used as the probe. At the center of the
hollow region, the probe made efﬁcient contact with the
discharge tube.

3. Probe measurement
In the following section, the experimental results obtained
using the Langmuir probe and the ﬂoating probe methods are
presented and analyzed.

3.1. Langmuir probe method

Figure 3(a) shows the discharge image and the probe’s volt–
ampere characteristics with a grounded plate. The probe
current showed a sharp increase over a bias voltage of −5 V.
Similar observations were made for the characteristics found
in our previous study. This signiﬁcant increase in discharge
current was in agreement with the measurements reported in
an earlier study [20]. The ﬂoating potential (Vf) value was
−4.4 V when the probe current was 0 A.
Te was measured using the Langmuir probe method and
was assumed to follow the Maxwell distribution. As observed
in equation (1), Te depends on the derivative of the logarithm
of Ie with respect to the applied probe voltage (V )
d
e
ln Ie =
dV
kTe

(1 )

k is Boltzmann’s constant. The Langmuir probe method
measures the probe current Ip, including the ion current Ii and
electron current Ie. Therefore, it is necessary to subtract Ii
from Ip. To estimate Ie from Ip, the tangential line in the large
negative bias voltage range as shown in ﬁgure 3(a) is considered as Ii; then, Ie=Ip−Ii. Figure 3(b) shows the semilog plot of Ie. Two groups of Te are shown corresponding to
Te1=3.18 eV for the tail electron temperature and
Te2=0.14 eV for the bulk electron temperature. However,
errors may have been introduced while calculating the slope
of the tangential line to estimate Ii.
Another equation to calculate the Maxwellian Te using
the Langmuir probe method can be expressed as follows [22]:
Vp - Vf =

kTe ⎛ m i ⎞
ln ⎜
⎟,
2e ⎝ 2.3m e ⎠

Figure 3. (a) Probe and (b) electron current as a function of probe

bias voltage at hollow cathode-type discharge.
3.2. Theory of floating probe method

The equations of the ﬂoating probe method for the sinusoidal
and rectangular waves reported in our previous study are
summarized as follows [20]:
When a sinusoidal voltage is applied to the probe
through the intermediary blocking capacitor, the ﬂoating
potential of the probe sheath between the plasma and the
probe is denoted as Vf. The sinusoidal voltage Esinωt,
having a frequency of ω rad s–1, is superimposed on the
voltage. As shown in ﬁgure 3(a), in the case of Vp, when the
ion saturation current is Ii0, the current (Ii(V )) has a slope S
with respect to V and can be represented as

(2 )

where mi and me are the ion and electron masses, respectively.
This method detects the difference between Vf and Vp. In the
Langmuir probe method, a DC voltage is applied because it is
necessary to measure the volt–ampere characteristics to calculate Te, as described in equations (1) and (2).

Ii (V ) = Ii0 + S (V - Vp).
3

(3 )
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Figure 4. Shift of ﬂoating potential by applied (a) sinusoidal, (b) rectangular, and (c) triangular voltages.

Equation (4) can be rewritten using Boltzmann’s equation
with tail Te as

The applied probe potential V should be smaller than Vp.
The current that permeates the sheath (I) may be written as a
function of the voltage as
I (Vf + E sin wt ) = Ii (Vf ) - Ie (Vf + E sin wt )
= Ii0 + S (Vf + E sin wt - VS)
- Ie (Vf + E sin wt ).

I (Vf + E sin wt ) = Ii0 + S (Vf + E sin wt - Vp)
⎛ e (Vf - Vp) + eE sin wt ⎞
- Ie0 exp ⎜
⎟
⎠
⎝
kTe
= Ii0 + S (Vf + E sin wt - Vp)
⎞
⎛ eE
⎛ e (Vf - Vp) ⎞
- Ie0 exp ⎜
sin wt ⎟,
⎟ exp ⎜
⎠
⎝ kTe
⎠
⎝
kTe

(4 )

4

(5 )
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where Ie0 is the saturated electron current. Equation (5) can
be rewritten using a Fourier series expansion and harmonic
analysis as
I (Vf - E sin wt ) = Ii0 + S (Vf - Vp) - Ie0 exp
⎛ e (Vf - Vp) ⎞ ⎛ eE ⎞
´⎜
⎟ I0 ⎜
⎟ + S ⋅ E sin wt
⎝
⎠ ⎝ kTe ⎠
kTe
⎛ e (Vf - Vp) ⎞ ⎛ eE ⎞
- Ie0 exp ⎜
⎟ 2I1⎜
⎟ sin wt
⎝
⎠ ⎝ kTe ⎠
kTe
⎛ e (Vf - Vp) ⎞ ⎛ eE ⎞
+ Ie0 exp ⎜
⎟ 2I2 ⎜
⎟ sin 2wt
⎝
⎠ ⎝ kTe ⎠
kTe
⎛ e (Vf - Vp) ⎞ ⎛ eE ⎞
+ Ie0 exp ⎜
⎟ 2I3 ⎜
⎟ sin 3wt ,
⎝
⎠ ⎝ kTe ⎠
kTe

can be expressed as
I (Vf + VR (wt )) = Ii0 + S (Vf - Vp)
⎛ e (Vf - Vp) ⎞
⎛ eE ⎞
- Ie0 exp ⎜
⎟ cosh ⎜
⎟ + S ⋅ VR (wt )
⎝
⎠
⎝ kTe ⎠
kTe
⎛ e (Vf - Vp) ⎞ 4
⎛ eE ⎞
- Ie0 exp ⎜
⎟ sinh ⎜
⎟ sin wt
⎝
⎠p
⎝ kTe ⎠
kTe
⎛ e (Vf - Vp) ⎞ 4
⎛ eE ⎞
sinh ⎜
- Ie0 exp ⎜
⎟
⎟ sin 3wt.
⎝
⎠ 3p
⎝ kTe ⎠
kTe

The shift in the ﬂoating potential owing to an applied
rectangular wave can be represented as

(6 )

⎧
⎫
S
kTe ⎪ 1 + Iif0 (Vf - Vf0) ⎪
⎬
Vf - Vf0 =
ln ⎨
eE
e
⎪
⎪
cosh
⎩
⎭
kTe
⎧
⎛ eE ⎞ ⎫
kT
= - e ln ⎨cosh ⎜
⎟⎬
⎝ kTe ⎠ ⎭
e
⎩
⎧
⎫
kT
S
(Vf - Vf0)⎬
+ e ln ⎨1 +
⎩
⎭
e
Iif0
⎫
⎧
⎛ eE ⎞
kT
@ - e ln ⎨cosh ⎜
⎟ ⎬.
⎝ kTe ⎠ ⎭
e
⎩

where In(x) is a modiﬁed Bessel function of the nth order.
When the sinusoidal voltage is superimposed on the sheath
voltage, the direct electron current increases drastically. This
occurs because I0(x) increases sharply with x.
Lee et al reported a method for measuring Te using
an AC voltage [23]. By contrast, the proposed method
uses a DC component. When a sinusoidal voltage is
applied to the probe through the intermediary blocking
capacitor, equation (4) can be rewritten with a zero DC
component as

( )

⎛ e (Vf - Vp) ⎞ ⎛ eE ⎞
Ii0 + S (Vf - Vp) - Ie0 exp ⎜
⎟ I0 ⎜
⎟ = 0. (7)
⎝
⎠ ⎝ kTe ⎠
kTe

⎛ e (Vf - Vp) ⎞
I (Vf + VT (wt )) = Ii0 + S (Vf - Vp) - Ie0 exp ⎜
⎟
⎝
⎠
kTe

kTe ⎧ ⎛ eE ⎞ ⎫
kTe S
ln ⎨I0 ⎜
(Vf - Vf0)
⎟⎬ +
e
e Iif0
⎩ ⎝ kTe ⎠ ⎭
⎧ ⎛ eE ⎞ ⎫
kT
1
= - e ln ⎨I0 ⎜
⎟⎬ ⋅
e
⎩ ⎝ kTe ⎠ ⎭ 1 - kTe S
e I

Vf - Vf0 = -

( ) + S ⋅ V ( wt ) - I
´
( )
8 ( ) cosh ( )
sin wt + I
´
sinh

eE
kTe

eE
kTe

eE
kTe

⎛ e (Vf - Vp) ⎞
⎟
⎝
⎠
kTe

e0 exp ⎜

⎛ eE ⎞2
4⎜
⎟ + p2
⎝ kTe ⎠

(8 )

⎛ e (Vf - Vp) ⎞
⎟
⎝
⎠
kTe

e0 exp ⎜

T

eE
kTe

if0

Iif0

(10)

When a rectangular wave is applied, the shift in the
ﬂoating potential is described as a hyperbolic function of Te
and E.
Finally, for the newly proposed case of a triangular wave
with voltage E in this study, when a rectangular wave voltage
VT(ωt) with frequency ω is superimposed on the voltage,
equation (6) can be expressed as

In the case of a ﬂoating potential without an applied
sinusoidal voltage, Vf can be replaced with Vf0. Then, we
considered the difference between the ﬂoating potential as
Vf − Vf0. This difference is unlike that in the conventional
method reported by Lee et al. Thus, the shift in the ﬂoating
potential resulting from an applied sinusoidal voltage can
be represented as

⎧ ⎛ eE ⎞ ⎫
kT
@ - e ln ⎨I0 ⎜
⎟⎬
e
⎩ ⎝ kTe ⎠ ⎭
= Ii0 + S (Vf0 - Vp) ,

(9)

( ) sinh ( ) cos 2wt
´
( ) +p
⎛ e (V - V ) ⎞ 8 ( ) cosh ( )
sin 3wt.
+ I exp ⎜
⎟
⎝
⎠
kT
4 ( ) + 9p
2

where Iif0 is the unmodulated ion current. The shift in the
ﬂoating potential was described as a function of Te and E;
therefore, Te can be calculated from the measured ﬂoating
potential shift.
When a rectangular wave voltage VR(ωt) with an amplitude voltage E and a frequency ω is superimposed on the
voltage, as in the case of a sinusoidal voltage, equation (6)

eE
kTe

eE
kTe

eE 2
kTe

2

f

p

e0

e

5

eE
kTe

eE 2
kTe

eE
kTe

2

(11)
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The shift in the ﬂoating potential owing to an applied
triangular wave can be represented as
⎧
eE
kTe ⎪ sinh kTe
Vf - Vf0 = ln ⎨
eE
e
⎪
⎩
kTe
⎧
eE
kTe ⎪ sinh kTe
=ln ⎨
eE
e
⎪
⎩
kTe
⎧
eE
kTe ⎪ sinh kTe
@ln ⎨
eE
e
⎪
⎩
kTe

( ) ⎫⎪⎬ + kT S (V - V )
( ) ⎪⎭ e I
( ) ⎫⎪⎬ ⋅ 1
( ) ⎪⎭ 1 ( ) ⎫⎪⎬.
( ) ⎪⎭
(12)
e

f

f0

if0

kTe S
e Iif0

When the triangular wave is applied, the shift in the
ﬂoating potential is described as a hyperbolic function of
Te and E.
3.3. Results of floating probe method

Based on the equation of the ﬂoating probe method, the shift
in the ﬂoating potential of each waveform was monitored.
Figure 4 summarizes the changes in the oscilloscope image
with sinusoidal (ﬁgure 4(a)), rectangular (ﬁgure 4(b)), and
triangular (ﬁgure 4(c)) waves as inputs. A ΔVf shift was
observed when several waves were applied. Before the AC
voltage was applied, the ﬂoating potential was Vf0. However,
the center of the amplitude changed by ΔVf after an AC
voltage was applied. The same results were observed with not
only sinusoidal waves (ﬁgure 4(a)) but also rectangular
(ﬁgure 4(b)) and triangular waves (ﬁgure 4(c)). From these
results, ΔVf was calculated from the maximum value V1 and
minimum value V2
DVf = Vf - Vf0 =

V1 + V2
- Vf0.
2

Figure 5. Shift of ﬂoating potential in response to sinusoidal (●),

rectangular (+), and triangular (#) waves as a function of input
voltage at 100 kHz.

calculated using equations (8), (10), and (12), respectively. As
the input voltage increased, the Te value gradually decreased
and remained constant at approximately 3 eV in all waveforms. The order of the converged Te values was rectangular>sinusoidal>triangular wave. Although the result of
the rectangular wave showed a large value, it was estimated
that it contained a large number of harmonic components and
that the reduction of the current response depended on the
increase in Te.
Compared with Te in the Langmuir probe method, only
one electron temperature can be measured using the ﬂoating
probe method. The value is close to the high-tail Te value.
In the negative glow region of the low-pressure glow
discharge, the secondary electrons generated by ionization
in the negative glow region cannot be accelerated from the
electric ﬁeld. Thus, the electrons remain as they are,
and the electron energy distribution function shows an
anti-Druyvesteyn distribution composed of high- and
low-energy electron groups. As shown in ﬁgure 3(b), Ie
shows two straight lines in the electron energy distribution
and two electron temperatures in the Langmuir probe
method.
The electron saturation current is Ie0, the proportion of
the low-energy electron group is b, and that of the highenergy electron group is 1 − b. For low and high electron
temperatures Te1 and Te2, respectively, Ie at the probe
potential Vp with reference to the space potential VS is
represented from equation (8) as

(13)

Figure 5 shows the shifts in the ﬂoating potential
(Vf - Vf0 ) as a function of the input AC voltage in response
to sinusoidal, rectangular, and triangular waves of 100 kHz.
A reduction in the ﬂoating potential was observed in response
to all applied voltages. Electrons accumulated around the
probe because the AC voltage was applied through an intermediary blocking capacitor. Therefore, a negative potential
was set up around the probe as reported in a previous study
[23]. As the input voltage increased from 6 to 20 Vpp, the shift
in the ﬂoating potential was observed to decrease at a convergent rate. By increasing the input voltage from 0 to 6 Vpp,
the shift in the ﬂoating potential was observed to gradually
decrease. This result indicates that the effect of the input
voltage on the shift in the ﬂoating potential at a high voltage
was much stronger than that at a low voltage. Moreover, the
shift of a rectangular wave was more signiﬁcant than that of
the sinusoidal and triangular waves.
Figure 6 shows the Te characteristics obtained using the
ﬂoating probe method with applied sinusoidal, rectangular,
and triangular waves of 100 kHz. For the applied sinusoidal,
rectangular, and triangular waves, the Te values were

⎛ e (Vp - Vs) ⎞
⎛ e (Vp - Vs) ⎞
Ie = bIe0 exp ⎜
⎟ + (1 - b) Ie0 exp ⎜
⎟.
⎝
⎠
⎝ kTe2
⎠
kTe1
(14)
6

Plasma Sci. Technol. 20 (2018) 085405

S Sato et al

Figure 6. Electron temperatures in response to sinusoidal (●),

Figure 7. Frequency dependence of electron temperatures in

response to sinusoidal (●), rectangular (+), and triangular (#) waves
at 20 Vpp.

rectangular (+), and triangular (#) waves as a function of input
voltage at 100 kHz.

Then, I is represented by Ii0 at the ﬂoating potential Vf0
⎛ e (Vf0 - Vs) ⎞
⎛ e (Vf0 - Vs) ⎞
Ii0
= b exp ⎜
⎟ + (1 - b) exp ⎜
⎟.
⎝
⎠
⎝
⎠
Ie0
kTe1
kTe2
(15)

For Ii0=Ie0, Te2?Te1,
⎧
⎛ e (Vf0 - Vs) ⎞
⎛ e (Vf0 - Vs) ⎞
Ii0
= exp ⎜
⎟
⎟ + b ⎨exp ⎜
⎝
⎠
⎝
⎠
Ie0
kTe2
kTe1
⎩
⎛ e (Vf0 - Vs) ⎞
⎛ e (Vf0 - Vs) ⎞ ⎫
- exp ⎜
⎟.
⎟ ⎬ @ (1 - b) exp ⎜
⎝
⎠
⎝
⎠⎭
kTe2
kTe2
(16)
Figure 8. Equivalent circuit between ion sheath formed on surface of
probe and reference electrode.

Thus, the shift of the ﬂoating potential can be
represented as
Vf - Vf0 = -

kTe2 ⎧ (1 - b) Ie0 ⎫
⎬.
ln ⎨
⎩
⎭
e
Ii0

capacitor Cp and resistor Rp of the probe sheath and a series
connection of a capacitor CR and resistor RR of the reference
electrode sheath. When an AC voltage is applied to the probe
through an intermediary blocking capacitor, a DC voltage
from the sheath capacitance is generated. The ﬂoating
potential shifted by applying the AC voltage is –Vfp. The
ﬂoating potential of the reference electrode sheath is –VfR.
Generally, when an alternating voltage is applied, a negative
voltage is generated in the probe. However, because of the
area of probe and reference electrode, Vfp is much higher than
VfR. The conductance of probe sheath can be expressed as

(17)

The Te obtained using the proposed ﬂoating probe
method showed a value close to Te2 because the ﬂoating
potential can be determined from Te2 and Ie0.
Figure 7 shows the frequency dependence of the sinusoidal, rectangular, and triangular waves of Te as measured
using the ﬂoating probe method. Figure 7 shows Te when the
converged values were observed at 20 Vpp. As the frequency
increased at all input waveforms, the electron temperature
decreased and showed a converged value. Based on the
theoretical equations for the ﬂoating probe method, Te was
not affected by the frequency. It is estimated that the conductance of the probe sheath depended on Te.
As shown in ﬁgure 8, the part between the probe and the
reference electrode consists of a series connection of a

⎛ eVfp ⎞ e
1
,
= Ie0 A p exp ⎜ ⎟
⎝ kTe ⎠ kTe
Rp

where Ap is the area of the probe.

7

(18)
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measured using the ﬂoating probe method. This value is close
to that of the high-tail Te because the ﬂoating potential is
determined by the high-tail Te. The electron temperature
measured when using the ﬂoating probe method with applied
sinusoidal and triangular voltages was lower than that measured with an applied rectangular voltage because the rectangular voltage has a large number of harmonic components
and the reduction of the current response depends on an
increase in Te. To measure Te accurately, it is necessary to
apply a high frequency.

The conductance of the reference electrode sheath can be
expressed as
⎛ eV ⎞ e
1
= Ie0 AR exp ⎜ - fR ⎟
,
⎝ kTe ⎠ kTe
RR

(19)

where Ap is the area of the reference electrode. Assuming that
the sheath capacities of the probe and the reference electrode
are Cp and CR, respectively, the AC voltage applied to the
probe sheath, Ep, can be expressed as
1
jwCp +

Ep =

1
jwCp +

1
Rp

-

1
Rp

E.

1
jwCR +

(20)
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