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Abstract

A novel and useful measurement method suitable for monitoring processing
plasmas, named the “insulated probe method”, has been studied. This mea-
surement method is based on the Langmuir probe method but is free from
the fatal problem proper to the Langmuir probe method for measuring reac-
tive plasmas, i.e. lack of measurement stability brought by the change of probe
surface conditions, which naturally occurs due to exposure to reactive plasmas.

In the insulated probe method, a probe that is originally covered with a thin
insulating layer is used, which is the reason of its name. Instead of the DC I-V
characteristic in the conventional Langmuir probe method, the time response
of the probe current is observed, applying a time-varying probe voltage such
as a square pulse or a sinusoidal voltage. By analyzing this probe current
response, the essential plasma parameters such as the electron temperature
and the plasma density, which are the keys for the process control, can be
estimated as good as that by Langmuir probe method.

In addition, basically stable measurement is possible by the insulated probe
method even in reactive plasmas, because the DC resistance between the probe
electrode and the plasma is naturally very large because of the existence of the
insulating layer and negligibly affected by the change of the probe surface
condition that obstructs the application of the conventional Langmuir probe
method to the practical measurement in processing plasmas. Stability of the
measurement by the insulated probe method with the existence of reactive
species in the plasma has been theoretically and experimentally demonstrated
compared with that of the conventional Langmuir probe method.

Furthermore, in most plasma processes, the RF power is often used for the
plasma generation or the substrate biasing. Measurement in such RF plasmas
by the insulated probe method has been also studied and it is shown that the
essential parameters of the RF plasma, such as electron temperature, plasma
density, time-averaged sheath voltage and the amplitude of the plasma poten-

tial oscillation can be estimated.
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Chapterl

Introduction

Plasma processes have been widely used in various kinds of industrial manu-
facturing processes, for example, especially in the processes for manufacturing
semiconductor devices such as etching or deposition of thin films. Generally
speaking, however, these practical plasma processes are often accompanied by
the problem of poor reproducibility, which makes it unavoidable to frequently
adjust the operation parameters of the processing machine so as to maintain the
condition of the process to be optimum. In order to improve the controllability
and the productivity of the process, it is required to monitor the condition
of the plasma always under processing by means of an adequate plasma mea-
surement method and further to control the essential parameters that have a
significant influence on the progress of the process.™?

From the viewpoints of process monitoring and process control, the plasma

measurement method must have following features:

(A1) Sufficient information for process control is quickly obtained by the mea-

surement.

(A2) The apparatus required for the measurement is simple, compact, and

easily installed in any processing machine.

(A3) The measurement does not affect the progress of the process and never

disrupt the process.
(A4) The measurement is stable during sufficiently long term.

(A5) Both the initial and the running cost for the measurement are not ex-

pensive.

Furthermore, the measurement of processing plasmas contains difficult prob-

lems compared with the ordinary plasma diagnostic techniques because of the



following points:

(B1) Processing plasmas generally contain reactive species that easily cause

chemical reaction with the material contacting the plasma.

(B2) In most cases, processing plasmas are generated using an RF power.
Consequently, the plasma space potential oscillates with large amplitude

in the frequency of RF.

(B3) Processing plasmas generally consist of various kinds of charged or neutral

particles, because molecular gases are mostly used for processing.

In order to totally understand the behavior of the processing plasma, it is
necessary to observe the plasma from following three viewpoints; the electrical
property, the chemical property, and the fluid dynamic property. The first
one is concerned to the aspect of the plasma as a crowd of charged particles.
The second one characterizes the chemical reactions in the plasma and the
reactions between the plasma and the target of the process. And the third
one characterizes the transport and the spatial distribution of particles in the
plasma. These three properties are different aspects of the plasma and are
important for process control. In order to completely control the processing
plasma (if possible), it is necessary to acquire the complete information about
all these properties of the plasma at any moment.

There have been hitherto developed various kinds of method for plasma
measurement.? Representative plasma measurement methods can be classi-
fied into several groups: optical measurement, particle measurement, probe
measurement, and so on. Here, the optical measurement means measurement

techniques that utilize the radiation of wave for the measurement, such as emis-

4-11) 12,13) 14-17 18-25) ]

interferometry, ) absorption,

30-32)

sion spectroscopy, scattering,

26-29 There exist commercially available optical

lipsometry, ) and so on.
plasma monitors, for example, the optical end-point detector for the etch-
ing process.*®) However, these optical measurement techniques can generally
provide only limited information of the plasma condition. In addition, every
optical measurement naturally requires a viewing window in the chamber wall

of the processing machine, which brings a restriction on the geometrical design



of the process chamber and is inevitably accompanied by the problem due to
the contamination on the viewing window. The particle measurement®* 3% also
brings a restriction on the geometrical design of the process chamber, because
an orifice to extract the particles from the plasma and the differential pumping
to keep the outside of the orifice at sufficiently low pressure are necessary.

Anyhow, it is impossible to realize the overall monitoring of the processing
plasma by means of only one measurement method. Simultaneous evalua-
tion of all above-mentioned three properties would require very complicated
and sophisticated measurement techniques and would not be realistic for the
monitoring of a practical manufacturing process. This does not match the re-
quirements (A2) and (A5). In addition, a complicated measurement system is
apt to be accompanied by inconvenience due to difficult maintenance, frequent
troubles, and so on.

Fortunately, above-mentioned three properties are not completely indepen-

1,39 Both the fluid dynamic property and the chemical

dent of each other.
property are closely related to the electrical property of plasma. It can be said
that the electrical property of plasma has the primary importance and affects
the other two, because every phenomenon and every process in the plasma
start from the electron impact ionization and the energy required for them is
mainly supplied through the electric power for the discharge. For this reason,
observing the electrical property of the plasma during the process is the most
important for the practical process monitoring.

The essential parameters that characterize the electrical property of plasma
are the electron temperature, the plasma density and the plasma potential.
Generally speaking, for the purpose of the measurement of these plasma pa-
rameters, the well-known Langmuir probe method is the most basic, popular,

1.40) Information about the electrical prop-

convenient and useful diagnostic too
erties of the plasma is directly extracted by means of inserting a small electrode
into the plasma and extracting the direct current from the plasma. The sim-
plicity of the apparatus required for the measurement and the high spatial
resolution are the strong points of the Langmuir probe method, which satisfies

the above mentioned requirements (A1), (A2) and (Ab).



Because the DC I-V characteristic of the probe is to be measured in the
Langmuir probe method, the measurement is naturally sensitive to the contact
resistance between the probe electrode and the surrounding sheath, and is eas-

41-46) Concerning

ily affected by the change of the surface condition of the probe.
the application to monitoring processing plasmas, this becomes a serious prob-
lem because the probe surface also suffers the process in the same way as the
target of the process. For example, in the case of the film deposition process,
the resistance of the deposited film on the probe surface intervenes into the
probe circuit. In particular, when the deposited film consists of an insulating
material, the [-V characteristic of the probe is seriously distorted and fatal
errors are caused in the measurement. Therefore, the conventional Langmuir
probe method does not satisfy the requirement (A4) and is not directly applica-
ble for monitoring processing plasma in consideration of the above-mentioned
condition (B1).

Many researchers have investigated the ways to overcome this problem by
means of heating the probe or applying a high voltage bias to the probe.*”62)
In some cases, it is possible to avoid the deposition of the insulating films on

47-54) )

the probe surface by means of heating the probe to high temperature.
other cases, heating the probe causes the evaporation of the deposited film on
the probe surface or the enhancement of the conductivity due to the recrystal-
lization of the deposited film or the activation of the dopant atoms contained
in the film.%® The surface cleaning effect, i.e., removal of the contamination
film can be expected also by the application of the high voltage bias to the
probe because the contamination on the probe surface is sputtered off.?962)

In spite of these efforts, it is naturally impossible to completely recover the
cleanness of the original surface of the probe by any method. In addition, these
methods in which the temperature of the probe electrode is to be elevated are
not free from the solicitude that the material contained in the probe body is
involved into the plasma as an impurity and affects the result of the process,
which does not match the requirement (A3).

Conversely, it is possible to take advantage of the sensitivity of the mea-

surement to the probe surface contamination as the method for monitoring



63-65) However, the relation between the amount of film deposi-

film deposition.
tion and the change of probe characteristic is generally complicated and does
not show a monotonous dependence. This degrades the reliability of such a
monitoring method.

The Langmuir probe method has another problem that arises from the above-

66-69) In the case of plasma process using RF power,

mentioned condition (B2).
the large amplitude oscillation of plasma potential due to the RF voltage for
discharge or substrate biasing directly affects the measurement of the probe
[-V characteristic and, especially, a serious error is caused in the determina-
tion of electron temperature. In order to solve this problem, there have been
many researches on the Langmuir probe measurement in RF plasmas.” 194
The so-called RF bias-compensated probe method, which uses a tuned RF fil-
ter inserted in the probe circuit to increase the input impedance of the probe
or a biasing RF voltage having the correct phase and amplitude to minimize
the RF voltage across the probe sheath, is effective to reduce the effect of the
RF on the probe measurement.

The distinctive feature of the RF bias-compensation of Langmuir probe is
keeping the probe surface at an extremely high-impedance state for the RF
signal with respect to the ground level. As a result, the measurement is insen-
sitive to the RF signal and the information of the plasma potential oscillation
is filtered off. This is quite wasteful from the viewpoint of process monitoring,
because the information about the plasma potential and its change is a very
important matter to understand the plasma condition. In addition, the seri-
ous problem of the effect of surface contamination is never solved by the RF
compensation.

Because of the reasons mentioned above, Langmuir probe method without
any modification would not be applicable for the purpose of process monitor-
ing. The objective of this thesis is to propose a novel measurement technique
suitable for monitoring processing plasmas, which is based on the conventional
Langmuir probe method but is free from the problems inherent to that.

The most fatal problem of the conventional Langmuir probe method is the

lack of stability of the measurement with the existence of reactive species in



plasma, which arises from the configuration that the probe electrode should
be directly in contact with plasma in order to collect the DC probe current.
In the method presented in this thesis, the probe electrode is covered with a
thin insulating layer, which is the reason of the name of the “Insulated Probe
Method” .19°19%) Because of the existence of the insulating layer, the net DC
component in the probe current is zero. However, the probe electrode is capac-
itively coupled with plasma through the probe capacitance, which is defined as
the capacitance between the probe electrode and the insulating layer surface
facing the plasma. Because of this probe capacitance, on applying a time-
varying voltage to the probe electrode, a current charging the probe capaci-
tance flows to the probe. The response of this current reflects the properties of
plasma and the measurement similar to the Langmuir probe method becomes
possible by analyzing this current response.

The most advantageous point of this method is that the measurement is not
easily affected by the change of probe surface condition, because the probe
electrode is originally covered with an insulating layer and the DC resistance
between the probe electrode and the plasma is inherently quite large.'%%112)
Even if an insulating film is deposited on the probe surface, the magnitude
of the total DC resistance negligibly changes. Consequently, this method is
essentially stable even under the condition that the probe surface condition
is not stable, which means this method can satisfy the requirement (A4). In
addition, this method also possesses the strong points as same as the Langmuir
probe method and, therefore, is useful for monitoring processing plasmas.

In order to consider the time response of the probe current to the time-
varying probe voltage, the indicial response has the primary importance, i.e.,
the probe current response to a step change in the probe voltage is to be
considered first. This means the application of a square pulse voltage to the
probe. The insulated probe method using a square pulse voltage is named the
“Insulated Pulse Probe (IPP) method”.

There are several other techniques based on the Langmuir probe method
that use a pulse voltage application to the probe.! 1) Most of them use the

pulse voltage in order for the fast bias sweeping or the purpose of shortening



the measurement time. The insulated probe method presented in this thesis
is based on the idea of the insertion of a capacitor into the probe circuit by
Dr. Itatani'' and is essentially different in its concept from these previous
works. The basic concept of the insulated probe method is described in Chap-
ter 2. Previously, Butler and Kino pointed out the possibility of the use of the
electrode positioned outside of the glass wall as a probe.'?®) Their idea resem-
bles that of the insulated probe method. However, they went no further than
suggesting the possibility.

In the case of fast changing probe voltage, the difference of obtained I-
V characteristic from that measured quasi-statically becomes an issue and has
been investigated by many researchers.'?129) This difference arises from firstly
the inertia of charged particles in the plasma and secondly the displacement
current. Practically speaking, this difference can be suppressed within a neg-
ligible range under an adequate condition, which can be satisfied in most pro-
cessing plasmas as mentioned in Chapter 2. As for the pulse response ruled
by the inertia of ions, however, the slow motion of ions can cause fairly large
difference, which is out of scope of this thesis and will be discussed in a sepa-

130-132) The experimental comparison between the I-V characteris-

rate paper.
tic quasi-statically measured by the conventional Langmuir probe method and
that measured by the insulated probe method is described in Chapter 3, which
shows good agreement between the two under the condition without the probe
surface contamination and also shows superiority of the insulated probe method
in the measurement stability under the condition with the contamination.

In the insulated probe method, the probe current flows not only because
of the change in the probe voltage but also due to the change in the plasma
potential. In most processing plasmas, RF power, such as RF at 13.56 MHz
frequency, is often used for the plasma generation. In the RF generated plasma,
an RF component is caused in the probe current because of the plasma poten-
tial oscillation. The most remarkable difference between the RF-compensated
Langmuir probe method and the insulated probe method is that, in the latter,

the probe electrode is kept at an extremely low-impedance state with respect to

the ground level for the RF signal. Therefore, in the insulated probe method,



an RF current easily flows in the probe circuit, which brings the information
of the plasma potential oscillation. By applying a time-varying voltage to the
probe electrode, the RF component in the probe current is modulated by the
probe voltage because the voltage across the probe sheath changes according to
the probe potential. Both the amplitude and the phase of the RF component
in the probe current change due to the change in the probe potential. By ana-
lyzing these changes, the essential plasma parameters of RF generated plasma,
such as the electron temperature, plasma density, time-averaged sheath voltage
and the amplitude of plasma potential oscillation, can be estimated.!37139) In
Chapter 4, the principle of this method using a square pulse probe voltage is
presented.

Using a pulse voltage, Sawa et al. and Urayama et al. have developed a
new method for the end-point detection of ULSI fabrication process by ob-
serving the sheath oscillating current due to the superimposed pulse voltage to
the substrate bias.'% Y The insulated probe method presented here is essen-
tially different from this method, because the current not due to the oscillation
excited by an external force but just due to the plasma potential oscillation
inherent to RF generated plasma is observed in the insulated probe method.

The insulated probe method is similar to the capacitive probe method'#2-146)
in its configuration that the probe electrode is capacitively coupled with the
plasma. In the capacitive probe method, the probe electrode is usually covered
with glass tube and is not directly exposed to the plasma. Consequently, the
measurement is not easily affected by the change of the probe surface condi-
tion due to the contamination. However, in the capacitive probe method, the
measurement is basically passive and the detected signal brings the informa-
tion only about the plasma potential oscillation. The insulated probe method
is markedly different from the ordinary capacitive probe method in the points
that the probe capacitance is set to be exceedingly large compared with the
capacitance of the probe sheath in order to keep the low-impedance state of
the probe surface and also that the measurement is not passive.

Recently, a new technique named the plasma absorption probe method has

been developed.'*"1%®) The configuration of the probe in this method is also



similar to the capacitive probe method. Applying a sensing signal to the probe
electrode that is identical to the end of inner conductor of a co-axial cable cov-
ered by a glass tube, the frequency spectrum of the reflected signal is measured.
The spectrum shows a characteristic dip because of the absorption due to the
excitation of surface waves around the glass cover of the probe electrode. The
frequency at the dip is related to the plasma frequency and becomes an index
of the plasma density. The measurement by this method is also considered to
be stable against the exposure to reactive plasmas and can be a useful method
to know the absolute plasma density. However, this method cannot provide the
information of the plasma parameters except for plasma density. In addition,
in the case that a conductive contaminating film is deposited on the surface of
the glass cover, the measurement is seriously affected by the contamination.

Compared with these other measurement methods, the insulated probe method
provides much more information about the electrical property of plasma. The
insulated probe method possesses both strong points of the Langmuir probe
method and stability of measurement, which is the reason that the insulated
probe method is suitable for monitoring processing plasmas.

In the insulated probe method in RF plasma, by using a sinusoidal probe
voltage instead of a square pulse voltage, substantially equivalent measurement
is possible. In this case, the modulation of both amplitude and the phase of
the fundamental RF' component in the probe current signal is analyzed. This
method is named the “Insulated Modulation Probe (IMP) method”!3%13%) and
is described in Chapter 5. The IMP method has some advantageous points
compared with the IPP method. Therefore, the complementary use of these
two methods will be a powerful tool for monitoring practical RF processing
plasma.

Furthermore, in Chapter 6, the improvement of the insulated probe method

for the measurement in RF plasma using a transmission line!49-152)

is presented.
By the use of a transmission line, the flexibility of the geometrical design of
the probe system is greatly improved and it has become much easier to apply
the IPP/IMP method in actual processing machine.

In Chapter 7, this thesis is summarized and concluded.
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Chapter2

Basic Concept of Insulated Probe Method

§ 2.1 Introduction

For the application to monitoring processing plasmas, the conventional Lang-
muir probe method has a fatal problem that the measurement is very sensitive
to the probe surface condition and is easily affected by the surface contamina-
tion, which is naturally expected in the processing plasma containing chemi-
cally reactive species. In the case that a less conductive material is deposited on
the probe surface, the I-V characteristic of the probe is seriously distorted.' %
This is the major obstacle for the conventional Langmuir probe method to be
applied to practical process monitoring.

In this thesis, it is intended to propose an effective solution for this problem
by means of employing a probe that is covered with a thin insulating layer
instead of a bare metallic probe in the conventional Langmuir probe method.
Because of the existence of an insulating layer on the probe surface, net DC
current does not flow into the probe electrode. However, the probe electrode is
capacitively coupled with the plasma and the probe current flows through this
capacitance, on applying a time-varying voltage to the probe. The response
of the probe current reflects the conditions of the plasma. By analyzing this
probe current response, a measurement similar to the Langmuir probe method
is possible. This method is named the “Insulated Probe Method”.

In this chapter, the basic concept of this measurement method using a square
pulse voltage on the assumption of no space potential oscillation is described.
In the case of plasmas generated by DC discharge or microwave discharge
without instabilities that cause potential fluctuations, the theory described in
this chapter is considered to be valid. Concerning the measurement in RF

generated plasma, which naturally has space potential oscillation, details are
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presented in Chapter 4-6.

The insulated probe method using a square pulse voltage is named the “In-
sulated Pulse Probe (IPP) method”. There are several other measurement
techniques called “pulsed probe”.”'? However, the IPP method is different
from them in its concept.'® 19 In the IPP method presented here, the time
response of the probe current is measured, applying a square pulse voltage to
the probe. The pulse response of the sheath is important in the IPP method
instead of the surface conductivity as in the Langmuir probe method. Since
the pulse response of the sheath shows no strange behavior in high density

plasmas such as those above 10° cm™

, according to several studies by Okuda
and coworkers,!” 2% the IPP method is applicable to monitor usual reactive
plasmas for processing.

In §2.2, the concept of the IPP method is introduced and the basic equations
which determine the probe current response are presented. The analysis based
on these equations is described in §2.3. The experimental result is presented in
62.4 and discussed in §2.6. Furthermore, in §2.5, it is proposed that a silicon

wafer under processing can be used as a probe to measure the plasma just in

front of the wafer.

§ 2.2 Concept and Basic Equations of Insulated Pulse
Probe Method

Figure 2.1 is a schematic drawing of the probe system for measurement us-
ing the IPP method.'* % The probe electrode is covered with a thin insulating
layer and is inserted into the plasma. In this method, what is exposed to the
plasma is the surface of the insulating layer of the probe, in contrast to the
conventional Langmuir probe method, in which the probe electrode is directly
exposed to the plasma. Accordingly, the potential of the insulating layer sur-
face corresponds to the probe potential in the conventional Langmuir probe
method. The insulating layer surface is normally charged to the floating po-
tential V; and an ion sheath is formed in front of the insulating layer surface.

The probe electrode is electrically coupled to the plasma through capacitance C'
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Fig. 2.1: Schematic drawing of the IPP method.

(represented as probe capacitance below) formed between the probe electrode
and the surface of the insulating layer facing the plasma.

Due to the existence of the insulating layer, the net DC current does not flow
to the probe electrode. However, when the potential of the probe electrode
rapidly changes, the potential of the insulating layer surface also changes and
the probe current I, flows through the capacitance C'. This probe current I,
consists of two components; one is the conduction current I.,; and the other

is the displacement current I4,. Therefore,
I, = I pa + Lus. (2.1)

The conduction current I.,q results from the imbalance between the ion flux
and the electron flux flowing onto the surface of the insulating layer, which is
caused by a deviation of the insulating layer surface potential from the floating
potential Vy. This conduction current is identical to the probe current in the
conventional Langmuir probe method. The displacement current [, flows
through the sheath capacitance C, which is due to the change of the electric
flux density, in other words, the total charge in the sheath region.

The probe current I, is directly measured by the electronic circuit shown

in Fig. 2.1. The probe current signal is converted to the voltage signal by the
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current-to-voltage converter using an operational amplifier. Since the condition
of virtual short holds, the applied pulse voltage is transmitted directly to the
probe without any voltage drop. By subtracting the applied pulse voltage from
the output of the current-to-voltage converter, the output signal proportional
to the probe current is obtained.

The response of the probe current I, to the application of a square pulse
voltage to the probe electrode as shown in Fig. 2.1 is considered, assuming the

following conditions.

(1) Following situations are assumed as same as the elementary theory of the
conventional Langmuir probe method.
a. The space potential of the plasma is constant.
b. The distribution of electron energy is regarded as Maxwellian.

¢. The dimension of the probe is much larger compared with the thick-

ness of the probe sheath and the planer probe model is valid.
d. Collisions in the probe sheath are negligible.
e. Effect of the magnetic field is negligible.
f. The density of negative ions is negligible.
(2) The plasma density is sufficiently high (= 10° ¢cm™3) and the magnitude

of the conduction current component I.,4 is almost equal to that of the

probe current quasi-statically measured by the conventional Langmuir

probe method, as suggested by the works of Okuda and coworkers.!”20)

probe 1nsu1at1ng: sheath
electrode layer
- Cs

[ | [dzs

%H%Md

Fig. 2.2: Equivalent electric circuit of the probe system. Point A represents the surface of

plasma

the insulating layer.
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(3) The pulse width and the period of the pulse repetition is much longer
than the time required for the surface of the probe insulating layer to be

charged back to the floating potential V.
(4) The output impedance of the probe voltage source is negligible.

(5) The operational amplifiers in the probe circuit are the ideal operational

amplifiers.

The electrical characteristics of this probe system can be described with an
equivalent circuit shown in Fig. 2.2. Here, C' is the probe capacitance, that is,
the capacitance formed between the probe electrode and the insulating layer
surface facing the plasma. The insulating layer surface potential is described
as V,, that is, the potential at the point denoted as A, which corresponds to
the probe potential in the conventional Langmuir probe method.

In the conventional Langmuir probe method, the probe current I which flows
to the probe fixed to voltage V' is expressed as

I =1 exp (e(vk—;em) — 1. (2.2)
Here, 1.9, T, and I; are the electron saturation current, the electron temperature
and the ion saturation current, respectively. V} represents the space potential

of the plasma. This is rewritten using the floating potential V; as

et fon (S0212) ] o

In the IPP method, the conduction current I.,; may deviate from the above
value for a short time after the pulse edge at which the probe voltage changes
abruptly. This deviation is due to the inertia of the charged particles in or
around the sheath. The decay time of this deviation is considered to be in
the order of the largest among 1/w,, v/w? and 1/v for the positive edge of the
pulse. Here, w, and v are the plasma frequency and the collision frequency,
respectively. Similarly, the decay time of the deviation after the negative edge
of the pulse is considered to be in the order of 1/w,;, where w,; is the ion plasma
frequency. The length of these characteristic times is less than or approximately
a microsecond for ordinary processing plasmas. Therefore, it is acceptable that

I.nq is expressed by eq. (2.3) after about a microsecond from the pulse edge.
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As for the transient response, especially at the negative edge of the pulse, the

details will be discussed in a separate paper.2h2?)

1720) showed

As mentioned in the above condition (2), Okuda and coworkers
that, when the probe voltage is changed abruptly, the measured change of
the probe current is smaller than that measured when the probe voltage is
changed quasi-statically, because of the delay of the probe current response.
This difference, however, becomes smaller as the plasma density increases and
it is understood from the results of Okuda and coworkers that, when the plasma
density is over about 10° ¢cm™3, this difference becomes negligibly small. As
for the processing plasma, the plasma density is higher than this value in most
cases. The results of Okuda and coworkers support that I.,4 is expressed by
eq. (2.3) in the IPP method.

The probe potential V' in eq. (2.3) corresponds to V, in the IPP method.
1.4 is represented as

Teng =1 - {eXp (e(%k—T_e‘/f)) — 1} : (2.4)

The displacement current Iy, is described as the time derivative of the total

charge in the sheath region.

d
[is:_Cs'%_V
ais = 7 {C0s - ( b))
dC dV,
dV,
AL 2.5
el (2.5)

Here, C, .ss is the effective sheath capacitance and the plasma potential V; is
treated as a constant over time, following the conventional Langmuir probe
theory. Exactly speaking, C; changes depending upon V,. The effective sheath
capacitance Cs ¢y contains this dependence. In the description below, Cs.¢f
is treated as a constant for simplicity. The effect of accounting for the change
of C is discussed in §2.3.3.

On the other hand, the total probe current I, is represented as the displace-

ment current through the probe capacitance C.

d
[pIC'a(%—Va) (2-6)
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Let us define new variables as

T = C;fe, (2.7)
V.
n= ¢—p (2.8)
V,—V;
= e 2.9
n S (2.9)

where, ¢, represents the electron temperature (7,) measured in volts (¢, =
kT./e, k is the Boltzmann constant).
Equations (2.1), (2.4), (2.5) and (2.6) are joined into the following defer-

ential equation.

(1 + C‘“"é”) dCZ“ — —% (e" — 1)+ % (2.10)

According to eq. (2.10), n, (V,) is determined as a function of time (¢),
and the probe current I, is calculated from eq. (2.6). Since these equations
which represents the time response of the probe current contain ¢, and I;, it is
possible to acquire the information of the principal plasma parameters such as
electron temperature and plasma density by measurement of the probe current
response.

In addition, the stray capacitance could also produce a parasitic effect to the

current response. However, it is possible to eliminate this effect (see §2.3.4).

§ 2.3 Analysis of the Basic Equations
2.3.1 Analysis neglecting sheath capacitance

When we neglect the effect of the sheath capacitance C; in order to simplify
the problem, the equation set of egs. (2.1), (2.4) and (2.6) is reduced to

L—1- {exp (w) _ 1} | (2.11)
=0 W, V), 2.12)

and the following differential equation is obtained.

dng L, dn
Ha _ _Z(ema — 1)+ 21 2.13
7E Gl (2.13)
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Comparing eq. (2.10) with eq. (2.13), it is clear that the effect of the sheath ca-
pacitance Cj is equivalent to the operation of replacing 7 with (1+C; .rr/C) -7
and n with 7/(1 + Cs¢sr/C) in the equations without taking Cy into consid-
eration. In other words, the effect of the sheath capacitance C; is equivalent
to multiplying the C' with (1 + C;.sr/C) and reducing the probe voltage to
1/(1 4+ Csepr/C). The first half of this can be intuitively understood consider-
ing that ' and C .s¢ seem connected in parallel setting the viewpoint at point
A in Fig. 2.2. The latter half of this can be easily understood considering that
the probe voltage is divided by C' and C; ¢y at point A.

Therefore, let us first consider the case without taking the effect of the sheath
capacitance Cy into consideration.

When a square voltage pulse (pulse height FEy) is applied to the probe, the
probe surface potential V, is pumped up to Vi + Ey, i.e., 5, = Ey/¢., at the
positive edge of the pulse, because the voltage across the probe capacitance C'
cannot change instantaneously. Accordingly, the electron flux flowing onto the
surface of the insulating layer exceeds the ion flux, therefore net conduction
current flows, which charges the probe surface potential back to V; in due
time. Similarly, at the negative edge of the pulse, the probe surface potential
is pumped down to Vy — Ey, i.e., 7, = —Ey/ e, and the probe surface potential
is also charged back to V}; by the ion current.

From eq. (2.13), it is clear that since the probe voltage is constant (dn/dt = 0)
after the edge of the pulse, after the positive edge dn,/dt is always negative
because the initial value of 7, is positive (Ey/¢e). Similarly, dn,/dt is al-
ways positive after the negative edge because the initial value of 7, is negative
(—Eo/de). Therefore, just at the positive and negative edges of the pulse, the

peak probe currents (I; and s, respectively) flow into the probe. I; and I, are

h=efew (22) -1). (214)

e

L=1- {exp (—%) - 1} | (2.15)

The electron temperature ¢, is easily calculated from the ratio of these two

represented as
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as

Eq
= 2.16
¢ 111|Il/]2| ( )

Note that eq. (2.15) shows that |I5| can be regarded as the ion saturation
current I;, when FEj is several times larger than ¢.. Therefore, the plasma
density can be calculated from I (I;). In practice, the probe current to be
measured contains both, the component of the conduction current deviating
from eq. (2.3) due to the inertia of the charged particles and the component of
the displacement current via the sheath capacitance. As the magnitude of I, is
much smaller than that of I;, the effect of these components may become more
prominent at the negative edge of the pulse and influence the determination of
I5 (I;). However, these components decay in about a microsecond as mentioned
above and it is possible to determine the magnitude of I; from the probe current
response after these components decay.

It should be emphasized that the magnitude of the peak current (I; and I,
determined by the egs. (2.14) and eq. (2.15), respectively) does not depend
upon the probe capacitance C'. Therefore, for example, even if a film were
deposited on the probe surface, I; and I, do not change. It follows that, in
principle, measurements using the IPP method are not affected by the changes
of the probe surface conditions.?®

After the pulse edge, the probe current decays as the insulating layer surface
potential is charged back toward V. The time response of the probe current is
determined by the probe capacitance C' and by the parameters of the plasma.
Therefore, plasma parameters, such as electron temperature and plasma den-
sity, can also be easily estimated from this time response of the probe current.

By solving the eq. (2.13), the time response of the probe current is repre-
sented as

(after the positive edge)
exp (—t/7 + ay)

b 1 —exp(—t/T+ ay) (217)
(after the negative edge)
L——I exp (—t/7 + az) (2.18)

T+exp(—t/T+ )
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Here, 7 defined by eq. (2.7) represents the time constant for the ion saturation
current I; to charge the probe capacitance C' up to the voltage ¢.. a; and as

are defined as

ap =In [1 - exp(_E0/¢e)] ) (219)
as = In [exp(Ey/pe) — 1] . (2.20)

When ¢ > 7, the time response of the probe current approaches the expo-
nential decay with the time constant 7. If the probe capacitance C' is known,
then ¢, can be calculated also from 7 and I; (I3). Conversely, it is possible
to estimate C' from 7, ¢, and I ([;). In the case that the plasma is a reac-
tive plasma and a film is deposited on the probe surface, C' and therefore 7
changes during the process. The amount of the film deposition can be esti-

23) If the deposited film is an insulating film, then

mated from the change of 7.
only C' changes. Even if the film is electrically conductive, the magnitude of
the peak current I, I does not change and it is still possible to estimate the
film thickness from the current response.??) The details about the effects of the
film deposition is described in next chapter.

Electron temperature ¢, can also be calculated in other ways. Differentiating
egs. (2.17) and (2.18) with respect to time, the gradient of the probe current

response at the pulse edge is represented as

(after the positive edge)

djp Iz et
"' e 2.21
<dt)1 7 (1 —e)?’ ( )

(after the negative edge)

dlp Il e*?
P S 2.22
( dt )2 7 (14 e)? ( )

When Fj is several times larger than ¢., ¢. can be calculated from the ratio

of the above two

be = il . (2.23)

30



Practically, (dI,/dt), and (dl,/dt), should be determined by extrapolating the
probe current response curve after the decay of the transient components at
the pulse edge.

Furthermore, because the dependence of the peak current I, I on the pulse
height Ey (egs. (2.14) and (2.15)) is the I-V characteristic of Langmuir probe
itself, the I-V characteristic is obtained by measuring the peak current Iy, Io
corresponding to various pulse heights Fy and ¢, can be calculated from the
slope of the semi-log plot of the I-V characteristic.

The convenient ways to calculate ¢, are
Ey
In(Ay — 1)’
— EO
C In[(vVA4;—3-1)/2]

Here A, and As are the ratios of the peak current when the pulse height is

G = (2.24)

e

(2.25)

changed by 2 and 3 times, respectively.
Figure 2.3 summarizes the relationship among the measured pulse response

and the calculable plasma parameters in this method.

2.3.2 Effect of the finite rise time of the pulse

In the IPP method, the electron temperature is easily estimated from the
magnitude of the peak currents at the pulse edge as described above. In most
cases, however, the voltage pulse is not necessarily a complete square pulse. If
the pulse edge has a finite rise time, then the magnitude of the peak current
at the pulse edge decreases.

Approximating that the pulse voltage rises according to the exponential time

dependence with time constant 7,, the probe voltage 7 is expressed as

n="1o- [1 — exp (—%)] ; (2.26)

here, ny = Ey/¢.. The differential equation eq. (2.13) becomes

dna 1 t
U —_ _ = (677& _ 1) + @exp (——) . (227)

dt T Tp Tp

By numerically solving this equation, it is shown that the amount of the probe

current reaches maximum at the time of the order of 7, after the pulse edge and
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Fig. 2.3: Summary of the relationship between the measured pulse response and the calcu-

lable plasma parameters in the IPP method.

the magnitude of the peak current is reduced in comparison with the value in
the case of the ideal square pulse. Figure 2.4 shows the result of the calculation
of this peak current reduction ratio. As the time constant ratio 7/7, increases,
the peak current reduction ratio approaches unity. It follows that the error in
the measurement of the peak currents becomes smaller as the probe capacitance
C increases. The error due to the finite rise time is considered to be large in
the measurement of I; rather than I5 because the magnitude of I; is much
larger than that of 5. It is possible to apply an appropriate correction to the
measured value of I, according to Fig. 2.4.

The amount of the peak current reduction also depends on the pulse height
no (= Eo/¢e). An appropriate correction, according to Fig. 2.4, is also nec-
essary for the precise measurement of the probe I-V characteristic from the
dependence between Ey and I, I5. In the case of large probe capacitance C'
(i.e., large 7), however, the error is expected to be small even without the cor-

rection. When 7 is several thousand times larger than 7, the error in the peak
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Fig. 2.4: Calculated dependence of the peak current reduction ratio upon the time constant

ratio 7/7,.

current measurement is less than 10% even without the correction.

2.3.3 Analysis considering the sheath capacitance

Considering the effect of sheath capacitance Cy into consideration, the dis-
placement current 4, through this capacitance is added to the probe current.

To begin with, let us consider the case where the pulse voltage is an ideal
square pulse. In this case, the probe voltage and also the potential at point
A (V,) in Fig. 2.2 is assumed to change instantaneously. At the pulse edge
(t = 0), the probe voltage is divided by C' and C;.¢r. The initial value of V,
() at t = 40 is determined by the ratio of these two capacitances.

At the positive edge, this value becomes

C

Since 7, decreases after the pulse edge, the conduction current also takes max-

imum /¢4, at ¢ = +0.

Ic,maa: = Iz . |:€Xp <%C’ff : 7]0) - 1:| . (229)
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On the other hand, being precise, the displacement current reaches infinity in
this case, which is, however, not realistic. In practice, for the estimation of
the displacement current, the rise time of the pulse voltage must be taken into
consideration. Differentiating eq. (2.26) with respect to time shows

d t

ST exp (——). (2.30)

a 7, Tp
It follows that dn/dt takes maximum at ¢t = +0. By substituting eq. (2.30) for
eq. (2.10),

CS e d a 1 t
(1 N _ff> e Ly M (__> @)

C dt T T Tp

Since, at the pulse edge (¢t = 40) 7, is still zero, dn,/dt also takes maximum
at t = 40,

d
Hal - — o . (2.32)
dt t=40 Cs,eff
1 c < Tp

Therefore, the maximum of the displacement current Ig,,,, becomes

Id,maac - 0876ff : Cbe o . (233)
Cs,eff
1 c < Tp

Comparing eq. (2.29) and eq. (2.33), the ratio of the displacement current

and the conduction current becomes

A T
linar _ 12877, " (2.34)
]c,max 1 ' .
- . —1
eXp 1+ A o

Here, A = Cy.rs/C.

Note that the numerator on the right side of eq. (2.34) is the linear function
of the pulse height of the probe voltage 1y and that, on the contrary, the denom-
inator is the exponential function of 79. This means that the contribution of
the displacement current component to the probe current at the positive edge

decreases as the pulse height increases. The condition that Iymae/lemar < 1

34



is satisfied in the shaded region shown in Fig. 2.5. The sufficient condition for

the conduction current to always be greater than the displacement current is

1 A T

> . 2.35
I+A 7 1+A 7, (2.35)
hence;
Cserr _ Tp
oS P 2.36
C T ( )
This is rewritten as
CS [ [+
7, > +f¢ (2.37)

If one roughly estimates the sheath capacitance Cs.rr as €9/Ap and the ion

saturation current I; as eng(kT,/M)'/2, then eq. (2.37) becomes
1

> (%) . (2.38)
Here, €9, Ap, M and ng are the dielectric constant of the vacuum, Debye length,
ion mass and plasma density, respectively. Equation (2.38) suggests that as
long as the rise time of the pulse is of the order of the reciprocal of the plasma
ion frequency, it is possible to neglect the effect of the sheath capacitance. For
example, assuming an Ar plasma with the density of 10 ¢cm™3, eq. (2.38)
reduces to 7, > 300ns. Note that this condition is not the required condition,
but is a sufficient condition so that Ijme < Iemer always holds. Even if
eq. (2.38) is not satisfied, the ratio Iy max/Icmas decreases rapidly as the pulse
height 7 is increased.

As the plasma density increases, since the right side of eq. (2.38) becomes
smaller, it becomes easier to satisfy the requirements of eq. (2.38). This ten-
dency agrees with the above mentioned result of Okuda and coworkers.!” 20

For the negative edge of the pulse, the peak value of the conduction current
is

C

[c,max = [’L 1= €xp _m “Tlo

(2.39)

On the other hand, the displacement current is to be regarded as the same as
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Fig. 2.5: Region where the condition that Iy max/Ic.mas < 1 is satisfied. (shaded region)

that at the positive edge of the pulse. Hence, the ratio of the two becomes

A T
“To
Id,max . 1 + A Tp 0
[c,max B 1
1— - .
eXp TN Mo
A T
~ 2.40
1+A T - ( )

It follows that when the pulse voltage 7 is large, the displacement current
component can be prominent at the negative edge of the pulse. This is in
agreement with the experimental results, the details of which is described in
ref. 21,22.

In the above analysis, the effective sheath capacitance C; s is used to indi-
cate the sheath capacitance, in which the dependence of the sheath capacitance
C, upon the voltage across the sheath is taken into account. Let us now con-
sider the difference from the case where C, is treated as a constant.

Assuming that the sheath thickness d; is approximately given by Child’s law
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for a space-charge-limited ion diode, d; is represented as

2 505% 2e i 3
= - — 1, 2.41
=5(5) (i) e

Here, V' is the voltage across the sheath and S is the area of the probe surface.

Differentiating eq. (2.41) with respect to time, the displacement current

through the sheath capacitance ( = engSd, ) is calculated as;2V

1 20S\? (2e\T_ 1 [dV

Therefore, the sheath capacitance C; is represented as

o 1 &TQS % 2e i 1

This shows that the sheath capacitance C, is proportional to V~1/4,

For example, assuming an Ar plasma with the density of 10! cm™ and the
electron temperature of 2eV, C,/S is estimated to be about 4 pFem™2 at the
floating potential.

In general, let us assume Cs = k- V7 where —1 < v < 0 and k is a
proportional constant. The magnitude of the displacement current I, through
Cs defined by d(C; - V') /dt) becomes

aal = 1 v L)
:|(1—|—7)-k‘-V”’-%
< |k-V”-%
= |CS-%|. (2.44)

This means that, if the change of the sheath capacitance Cy due to the change of
the surface potential of the insulating layer is considered, then the magnitude
of the displacement current component I, becomes smaller than the value
obtained when Cj is treated as a constant. In other words, C.rr < Cs.

Since the effect of the sheath capacitance C; is determined by the ratio A (=
Cserr/C), it is possible to suppress the effect by choosing a large capacitance
as the probe capacitance C. From the eq. (2.43), it is understood that the

magnitude of Cs ¢ is approximately estimated as the capacitance between
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two parallel plates spaced by a distance of several Debye lengths of the plasma.
Note that both the probe capacitance C' and the sheath capacitance Cs sy are
proportional to the area of the probe surface. Therefore, ratio A is chiefly
determined by the ratio of the Debye length and the thickness of the insulating
layer on the probe surface (the dielectric constant of the insulating layer also
relates to A). If the thickness of the insulating layer is less than 10-50 pm, A

will be suppressed approximately less than 0.1 in most processing plasmas.

2.3.4 Analysis considering the stray capacitance

In any measurement system, it is inevitable that stray capacitance exists
and causes errors in the measurement. When the pulse technique is used, the
displacement current through the stray capacitance may not be low and its
effect should be accurately estimated.

The effect of the stray capacitance is considered in Fig. 2.6. The displacement

current I’ through the stray capacitance C’ is represented as

av,
I'=0 - -2 2.45

The measured current [ is the sum of the probe current 7, and the displace-

ment current 1.

I=1,+1T. (2.46)

Probe current /

to probe <~
)/
PO , - + o]
R + -
B
(@)
Vp

Fig. 2.6: Drawing for the analysis of the effect due to the stray capacitance C’.
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Equations (2.45), (2.46), and (2.11) are combined into the following equation.

C’' dn
I=1 (e —147.= .2 2.47
(e +7 c dt) (2.47)
Representing the voltage pulse as in eq. (2.26), eq. (2.47) becomes
C’ t
I=1- {e”a—l—kl-—-noexp (——>]. (2.48)
7, C Tp

The last term in the bracket in the right side of eq. (2.48) represents the effect of
the stray capacitance C’, which takes maximum I/ at the pulse edge (t=+0).

max

], = ]z ''''' To (249)

max Tp C
On the other hand, the maximum of the probe current I, is estimated as

follows, assuming an ideal square pulse (see eq. (2.29)).
Lz = I; - (€™ — 1) (2.50)

The ratio of the above two (I),,, and I, ,4,) determines the influence of the

stray capacitance. In order for the condition of I, < I, mas to always hold,

¢,
— <2 2.51
C T ( )
should be satisfied. This relation can be rewritten as
C" - o,
T, > 7 4 , (2.52)

which is similar to eq. (2.37). For example, assuming an Ar plasma with the
density of 10!° cm™ and the electron temperature of 2eV, eq. (2.52) reduces
approximately to C’ [pF]< 0.17, [ns]-S[cm?], where S is the area of the probe
surface.

If the geometrical layout and dimensions of the measurement system are
carefully designed, then it is not difficult to maintain the stray capacitance C’
at the same order as (or less than) the sheath capacitance C5. In this case,
if the requirement of eq. (2.37) is satisfied, then eq. (2.52) is automatically
satisfied.

Furthermore, it is also possible to cancel the effect of this stray capacitance
C’. For example, by shielding the probe circuit and connecting the shield to
point B in Fig. 2.6, no displacement current flows to the probe circuit, since

the voltage between the probe circuit and the shield is always zero.
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Fig. 2.7: Drawing for the analysis of the feedback capacitor Cy.

A much easier method is to adjust the frequency response of the current-to-
voltage converter by a feedback capacitor C, as shown in Fig. 2.7. In Fig. 2.7,
the relation between the output of the current-to-voltage converter (V) and
the current [ is

V-, d
= Cr-—(WV1 =V,). 2.53

LG S G- V) (2.53)

Noting that the output V5 is V; — V], and defining that 1, = V5/¢., the following

1

equation is obtained.

C" dn Gela dns
. Na __ —_ e — — —_—
I <e 147G dt) = G (2.54)

When the last terms in each side of eq. (2.54) are equal and cancel each other
out, then the output 7y (V2) exactly represents the probe current I,. In other
words, the effect of the stray capacitance C’ is eliminated. The required con-

dition is written as

dn dny

!

- _ o, 2= 2.
Odt Cy o (2.55)

Since the effect of the stray capacitance is considered most prominent at the

pulse edge, the next relation should be satisfied.

d d
oL B (2.56)
dt |, o P
Now, let us define the variable u as
_ e
u= TR iy (2.57)
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Equation (2.54) is represented as

C" dn du
Na _ 1 L= —. 2.
e +7 o u + CfRdt (2.58)

In the case that the last terms on each side of eq. (2.58) cancel each other out,

u=el —1. (2.59)
Hence,

du dng

— =el—. 2.60

at ~ ¢ dt (2.60)

Assuming that the pulse voltage is described as in eq. (2.26), then n, = 0 at
the pulse edge (t=+0). Therefore, from eq. (2.13),

dn, _dn
dt |,_yo  dtl_io
7o
_ (2.61)
Tp
Consequently, eq. (2.56) becomes
o _ ¢, Liftdu
Tp P dt t=+0
— Cf@ena(t—m) A1
Pe dt t=+0
I;Rno
=C —. 2.62
o T, (2.62)
It follows that, if the relation
C"- ¢
C/R = I'gb (2.63)

is satisfied, then the effect of the stray capacitance C’ is canceled, at least for
the pulse edge.
Equation (2.53) is to be rewritten using u as
‘% =L ;f%[". (2.64)
This means that the output u exponentially approaches the current signal I/1I;
with the time constant of C'tR.

However, if the time constant C'yR, which determines the quickness of the

response of the current-to-voltage converter, is larger than that of the pulse
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voltage 7,, it would cause an error in the measurement of the peak current at

the pulse edge. Therefore, the following condition is required.
Tp > C fR

_
==

(2.65)

This is in accordance with eq. (2.52).

§ 2.4 Experiments

Various materials can be used for the probe in the IPP method. In the
preliminary experiments, a ceramic-coated copper wire of 1 mm in diameter
was used as the probe. The ceramic-coating was 10-um-thick silicon dioxide
layer. Except for the last 2 cm from the end, the wire was covered with a thick
Teflon tube 6 mm in diameter. As the thickness of the Teflon tube is much
greater than that of the ceramic-coating on the wire, the probe capacitance is
mainly at the end and the stray capacitance is considered to be quite small
(estimated less than 10pF). The probe capacitance C' is estimated at about
200 pF in this case.

A square voltage pulse was applied to the probe and the probe current re-
sponse was directly measured. A schematic of the electronic circuit for the
experiments is shown in Fig. 2.8. Cyy, Cyy and Cf are the trimming capac-
itors. Prior to the measurement, without the plasma, these capacitors were
adjusted so that the output was zero at the pulse edge. Exactly speaking, a
narrow small spike may remain as a noise, which is negligible compared with
the probe current signal. In this manner, the parasitic effect due to the stray
capacitance was eliminated. The frequency response of the circuit is deter-
mined by the time constants Cy; R and Cra R as described in §2.3.4 and is also
dependent upon the bandwidth of the operational amplifiers. When a precise
observation of the current response at the pulse edge is not required, the usual
low-noise all-purpose operational amplifiers can be used. The limitation of the
bandwidth is convenient for eliminating the effects of the sheath capacitance
and the stray capacitance, because the signal due to these effects generally

consists of very high frequency components. The bandwidth of the operational
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Fig. 2.8: Schematic drawing of the electronic circuit for the measurement.

amplifier used here was 4 MHz.

Figure 2.9 shows an example of the waveform of the voltage pulse (Ey=3V)
and the current response measured in Ar DC discharge plasma. By measuring
the dependence of the peak current I; upon the pulse height Fjy, the probe -V
characteristics were obtained as shown in Fig. 2.10. The electron temperature
was calculated to be about 1eV from the slope of the plot.

The electron temperature can also be calculated from the peak current ratio
I,/I5. In this case, the voltage pulse was not exactly an ideal square pulse
and had the time constant 7, of 200ns at the positive edge. On the other
hand, the time constant of the current decay 7 (=C¢./I;) was about 100 us in
this case. By estimating the peak current reduction ratio as 0.6 from Fig. 2.4
and applying the correction to the magnitude of I, reasonable values for the
electron temperature are obtained (1.0eV for the case of 0.15 Torr and 1.3eV
for 0.1Torr). On the other hand, without correcting the value of I3, the electron
temperature is overestimated (1.4eV for 0.15 Torr and 2.2eV for 0.1 Torr) as
shown in Table 2.1. The electron temperature calculated from 7 also showed

reasonable values (1.1eV for 0.15 Torr and 1.4¢eV for 0.1 Torr).
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Fig. 2.9: An example of the measured waveform. Ar DC discharge plasma. (upper trace:

applied voltage, Ey = 3V; lower trace: current response, 50 pA/DIV; time: 2ms/DIV).
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Fig. 2.10: Dependence of the positive edge peak current I; on the pulse height FEj, that is
the probe I-V characteristics (Ar DC discharge plasma) .
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Table 2.1: Electron temperatures calculated in various manners.

From From From
Pressure I-Eq ratio I /I (eq.16) decay time constant 7
dependence  (without correction) (with correction) (eq.7)
0.15 Torr 0.9eV 1.4eV 1.0eV 1.1eV
0.1 Torr 1.2eV 2.2eV 1.3eV 1.4eV
[uA/cm?] \ [
900 [ Ar DC discharge s
70m Torr
800

| o IPP method
700 — # Langmuir probe

600
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200
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Fig. 2.11: Comparison between the I-V characteristics obtained by the IPP method and
by the conventional Langmuir probe method. (IPP method: ceramic-coated wire probe,
length 50 mm, diameter 1 mm, Langmuir probe: platinum wire probe, length 1 mm, diameter
0.4 mm).
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Figure 2.11 shows an example for the comparison between the probe I-
V' characteristics measured by the IPP method and those measured by the
conventional Langmuir probe method. A platinum wire (length 1 mm, diameter
0.4 mm¢) was used as the Langmuir probe. Except for the difference when the
probe bias was far from the floating potential, which is considered mainly due
to the difference of the size and the shape between the probes used, it seems
that both data sets are in fairly good agreement. The slopes of the semi-log plot
of the I-V characteristics, i.e., the electron temperatures, are also consistent
with each other. The reason that the saturation of the probe current occurs at
lower probe bias in the IPP method is that, in this case, the frequency response
(slew rate) of the used circuit was not high enough for the measurement of the

large peak current at the positive edge of the pulse.

§ 2.5 Use of Silicon Wafer as the Probe

In the IPP method, since the probe electrode is not directly exposed to the
plasma, any conducting material can be used as the probe electrode. Any
insulating material can also be used as the insulating layer. The thinner the
insulating layer, the larger the probe capacitance C' becomes, which is advan-
tageous from the viewpoints of sensitivity and accuracy of the measurement.

It is possible to realize an extremely thin and uniform insulating layer using
silicon semiconductor processes, such as the oxidation of silicon or thin film
deposition. Figure 2.12 shows the structure of an example of the plane probe
using a silicon wafer. A silicon dioxide layer was deposited on a n™-type silicon
wafer. The thickness of the SiO, layer is 1000 A and the resistivity of the
wafer is below 0.02€2 - cm. The SiO, layer was formed by thermal-chemical-
vapor-deposition from TEOS (tetraethoxy orthosilicate) in this case. An ohmic
contact was formed by sputtering on the backside of the wafer. After soldering
a metal wire onto the ohmic contact, the backside and the side edge of the wafer
was covered with a ceramics mold in order to avoid exposure to the plasma.

Figure 2.13 shows the comparison between the obtained I-V characteristics

by using a ceramic-coated wire probe and a silicon wafer probe. The slopes
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Fig. 2.12: Schematic drawing of the cross-section of the silicon wafer probe.
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Fig. 2.13: Comparison between the I-V characteristics obtained by the ceramic-coated wire

probe and the silicon wafer probe.
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of the I-V characteristics of both probes, that is the electron temperatures,
show good agreement. This proves that the silicon wafer can act as the probe
body. On the other hand, the time constants of the probe current decay showed
large difference between two probes in accordance with the difference in the
magnitude of the probe capacitances.

The wafer used is a n-type silicon wafer in this case. It is considered that a
depletion layer is formed at the part of the silicon wafer just under the SiO,
layer, because the surface of the insulating layer of the probe is negatively
biased in a normal situation. The thickness of the depletion layer, however,
is estimated to be small enough compared with that of the SiO, layer in this
case, because the resistivity of the silicon wafer is quite low. Therefore, the
probe capacitance C' is determined mainly by the thickness of the SiO, layer in
this case. On the other hand, in the case of a p-type silicon wafer, neither the
depletion layer nor the inversion layer is formed, irrespective of the resistivity
of the wafer. From this viewpoint, a p-type silicon wafer, which is generally
used as the substrate in LSIs, is advantageous for use as the probe body.

Furthermore, the backside electrode is not necessarily connected ohmically
to the wafer. The backside electrode may be capacitively coupled with the
silicon wafer. This capacitance between the backside electrode and the wafer
(Cy) comes in series with the probe capacitance C' and decreases the effective
probe capacitance to CCy/(C + Cy). Even if Cj, changes depending upon the
gap between the wafer and the backside electrode, the measurement of the
peak current is not affected as pointed out in §2.3.1. In a practical process,
the silicon wafer is usually set on a susceptor or a wafer stage. By building
a backside electrode in the wafer stage as shown in Fig. 2.14, the backside
electrode is easily capacitively coupled to the wafer on the stage and the pulse
voltage applied to the backside electrode is transmitted to the wafer.

Figure 2.15 shows an example of the waveform obtained in the configuration
shown in Fig. 2.14. A 6”¢ p-type silicon wafer was used as the probe. The
resistivity of wafer was 1Q - cm. A thin SiO, layer (1000 A thick) was formed
on the whole surface of the wafer by thermal oxidation. The probe current

response similar as shown in Fig. 2.9 was obtained, which proves that the
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silicon wafer acts as the probe body. In this case, the plasma was generated
by RF of 13.56 MHz. Because of the lack of the high frequency response in the
operational amplifier used in the probe circuit, no RF signal appeared in the
probe current signal. In case that high-speed operational amplifiers are used
in the probe circuit, an RF component is superimposed on the probe current
signal, the detail of which is described in Chapter 4.

In this manner, using the silicon wafer being processed as the probe itself, it
becomes possible to acquire the information of the plasma just in front of the

wafer without disturbing the plasma and without any additional apparatus.

§ 2.6 Discussion

The essential difference between the IPP method and the conventional Lang-
muir probe method is the electrical conductivity between the probe electrode
and the plasma. In the conventional Langmuir probe method, the electrical
contact between the probe electrode and the plasma must have zero resistance
(infinite conductance) because the DC probe current flowing between them is
essential. On the other hand, in the IPP method, the electrical contact must
have zero conductance (infinite resistance) because the charging current to the
probe capacitance is the important factor. Therefore, in the IPP method, it
follows that the additional series resistance due to the change of the probe
surface condition, for example, oxidation or film deposition, does not affect
the magnitude of the resistance between the probe electrode and the plasma.
This means that the IPP method is essentially stable against the change of the
probe surface condition, which is the reason that this IPP method is suitable
for monitoring the processing plasmas.

When the probe surface condition changes by, for example, film deposition,
the probe capacitance C' also changes. However, this does not directly affect
the measurement of the peak current, and the amount of film deposition can
conversely be estimated from the change of the time constant 7 of the current
response as mentioned in §2.3.1. In addition, when 7 changes, the reduction

ratio of the peak current also changes due to the finite rise time 7, of the
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Fig. 2.14: Schematic drawing of cross-sectional view of the wafer-stage with a buried backside

electrode to use the wafer under process itself as the probe.
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Fig. 2.15: Example of waveform of the probe current response obtained in the configuration

shown in Fig.2.14
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pulse. However, the amount of change can be estimated from Fig. 2.4 and an
appropriate correction of the measured value is possible.

In the experiments described in §2.4, the rise time of the pulse 7, was about
200 ns. This value does not strictly satisfy the relation of eq. (2.38) for plasma
with a density lower than 10 cm™3. Note that eq. (2.38) represents only a suf-
ficient condition where the displacement current component is always smaller
than the conduction current component at the positive edge of the pulse, as
mentioned in §2.3.3. The physical meaning of eq. (2.38) is that the ions in
the sheath can follow the change of the probe potential and rearrange their
distribution during the probe voltage changes at the time constant 7,. Even if
eq. (2.38) is not satisfied, when the pulse height exceeds ¢, only a few fold, the
value of the ratio of eq. (2.34) decreases to less than about 1/5, which is equiva-
lent to reducing the magnitude of the right side of eq. (2.38) (eq. (2.37)). In the
case described in §2.4, since A >~ 0.01 and 7/7, >~ 500, the ratio of eq. (2.34)
becomes approximately 1 or less for 1y >2. Note that the displacement current
14;s reaches maximum only during the time that the pulse voltage is rising
and that, on the other hand, the conduction current I.,, reaches maximum
approximately at the time when the voltage has risen, as mentioned in §2.3.2,
i.e., the peaks of these two components do not appear at the same time. In
other words, they are not superimposed. Therefore, it is reasonable to consider
that the magnitude of the observed peak current at the positive edge of the
pulse can be regarded as due to the contribution of the conduction current
component.

In practice, because of the limitation of the bandwidth of the measurement
circuit, the output does not show a fast response due to the displacement
current component in the experiment described in §2.4. Today, wide-band
high-speed operational amplifiers are commercially available at low cost. By
using those devices, it is possible to observe the current response precisely
at the pulse edge. The maximum power supply voltage of those operational
amplifiers, however, is generally limited to + several volts. It follows that the
applicable maximum pulse height is also limited. Therefore, an appropriate

selection and design of the circuit for the measurement would be required
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according to the desired range of measurement.

It has been experimentally demonstrated that the probe I-V characteristic
can be obtained by the measurement of the peak values of the probe current
with changing the pulse height of the probe voltage. In the IPP method, the
probe surface is normally charged up to the floating potential V; and the I-V
characteristic around Vy is measured. At the larger amplitude of the probe
voltage pulse, the peak value of the probe current at the positive edge of the
pulse (I1) becomes the larger and the larger current capacity and the faster
response is required for the probe circuit. In practice, the limitations of the
response speed of the probe circuit degrade the accuracy of the measurement of
I at a large pulse height. Therefore, in the IPP method, the span of the probe
bias within which the I-V characteristic is accurately measurable is limited
around V. This is a point to notice in the case that the electron energy
distribution is far different from Maxwellian.

In the analysis described in §2.2, the space potential of plasma V} is regarded
as a constant over time. This is considered true in DC discharge plasmas. The
experimental result in §2.4 is also concerned only with DC plasmas. As for

25-28) which are widely used for various plasma,

the application to RF plasmas
processes, since the plasma space potential Vj, oscillates with large amplitude
according to the RF voltage of the discharge, the RF current component due
to this potential oscillation is superimposed on the probe current. When the
pulse voltage is applied to the probe, both the amplitude and the phase of this
RF current component change from the values at steady state. By analyzing
these changes, it is possible to acquire information on the plasma condition.
The details of the above will be presented in Chapter 4—6.

In addition, negative ions, which are left out of consideration in this thesis,
exist in most processing plasmas. The existence of negative ions can affect
the sheath structure and the probe theory must be adequately modified to
interpret the quasi-static probe characteristic in electro-negative plasmas.?%30)
In the ITPP method presented here, however, the pulse response of the probe

current is observed and, therefore, it may be possible to distinguish between

the current due to electrons and that due to negative ions, because the time
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responses are expected to be quite different between the two because of the

large mass difference. Phenomena relating to this are reported in ref. 31.

§ 2.7 Summary

The basic concept of the insulated probe method has been presented on the
assumption that the plasma potential is constant over time, in other words, the
plasma has no space potential oscillation as in an RF generated plasmas. By
applying a square pulse voltage to the probe — the insulated probe method us-
ing the square pulse voltage is named the “insulated pulse probe (IPP) method”
— , probe current response shows peaks at the pulse edge and decay with a
certain time constant that is determined by the probe capacitance, electron
temperature and the plasma density. The measurement of the peak currents is
identical to the measurement of the probe current around the floating potential
by the conventional Langmuir probe method. The experimental comparison
between the [IPP method and the conventional Langmuir probe method showed
good agreement.

By using a silicon wafer covered with a SiO, layer (or any other insulating
thin film) as the probe, a large probe capacitance is obtained, which is expected
to improve the sensitivity and accuracy of the measurement. Furthermore, it
is proposed that a silicon wafer to be processed can be used as a probe itself
to measure the plasma just in front of the wafer.

The insulated probe method presented here is proposed in order to solve
the fatal problem in the conventional Langmuir probe method: lack of mea-
surement stability in a reactive plasma. The superiority of this method to the

Langmuir probe method on this issue is discussed in the next chapter.
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Chapter3

Effect of Contamination on Probe Surface in
the Measurement by Insulated Pulse Probe
Method

§ 3.1 Introduction

The basic concept of the insulated probe method on the assumption of no
plasma potential oscillation has been presented in Chapter 2. Since the probe
surface is originally covered with a thin insulating layer, the magnitude of the
resistance between the probe electrode and the plasma negligibly changes due
to the deposition of contamination on the probe surface. It is expected that
this provides the measurement with the reliability even with the existence of
reactive species in the plasma.

However, the effect of the contamination is not completely zero. When the
contamination accumulates on the probe surface to become a thin film, the
thickness of which is not negligible compared with that of the original insulating
layer, the deposition of the contaminating film results in the change in both the
thickness and the electrical property of the insulating layer between the probe
electrode and the plasma. This leads to the change in the probe capacitance,
and accordingly the change in the time response of the probe current. It
follows that the probe current response changes gradually according to the
accumulation of the contaminating film during a long term." This change is
not an unstable one, such as the change that is seen in the -V characteristic of
the conventional Langmuir probe method, but a change that can be properly
expected. This suggests the possibility of the application of this method to the
thickness monitoring in the deposition process such as plasma chemical vapor
deposition or sputtering.’)

In the next section, the results of the calculation on the change in the probe
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current response due to the deposition of contaminating film on the probe
surface, assuming a simple model, are presented. In §3.3, the experimental
results of the comparison between the IPP method and conventional Langmuir
probe method in the contaminating atmosphere is described. The usefulness

of the IPP method is discussed in §3.4.

§ 3.2 Calculation of Probe Current Response Taking

Effect of Contamination into Account
3.2.1 Calculation Model and Basic Equations

The schematic configuration of the insulated pulse probe method is as shown
in Fig. 2.1 in Chapter 2. A probe originally covered with a thin insulating layer
is inserted into the plasma. A square pulse voltage is applied to the probe
electrode and the probe current response is observed. The waveform of the
probe current response is similar to the illustration in Fig. 2.1 in Chapter 2.
At the pulse edges, the probe current takes the positive and negative peaks.
This is because the potential of the insulating layer surface deviates from the
floating potential when the probe potential changes abruptly. After the peaks,
the probe current decays as the insulating layer surface is charged back to the
floating potential by the flux of the charged particles from the plasma. This

decaying time constant 7 is represented by?

7= Ct']jbe. (3.1)

Here, C' is the probe capacitance which is defined by the capacitance per unit

area between the probe electrode and the insulating layer surface facing the
plasma. ¢, is the electron temperature measured in volts (= kT, /e). J; is the
ion saturation current density.

When a contamination film is deposited onto the probe, the cross-sectional
configuration of the probe becomes like a model illustrated in Fig. 3.1. The
thickness of the probe insulating layer is d. The probe capacitance C' is repre-

sented by

(3.2)
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Insulating Layer
Probe Electrode l Contaminating Film

G Plasma

Fig. 3.1: Model of cross-sectional configuration of probe with existence of contaminating film

on the probe surface.

Here, ¢y and ¢, are the permittivity of vacuum and the relative dielectric con-
stant of the insulating layer, respectively. Since the thickness of the probe
insulating layer d is much smaller than the probe dimension, the probe capac-
itance can be calculated using the parallel plate capacitor model.

Similarly, C; represents the capacitance between the surface and the back of
the contaminating film per unit area.

Oy = %. (3.3)
Here, ¢ and dy are the relative dielectric constant and the thickness of the
contaminating film, respectively.

The electrical equivalent circuit of this model is simply drawn as shown in
Fig. 3.2 neglecting the thin transition region at the surface and the back of the
contaminating film.% Ry represents the reciprocal of the conductance per unit
area of the contaminating film in the thickness direction.

Let us define V, as the potential of the surface facing the plasma and V;, as the
potential at the interface between the insulating layer and the contamination
film. In the steady state, V,, and V, become equal to the floating potential V.
When the pulse voltage is applied to the probe and the probe potential abruptly
changed by Ey, V,, and V, become V; + Ey simultaneously. Let us calculate the

time response of V,,, V, and the probe current J, after this moment.
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Fig. 3.2: Electrical equivalent circuit of probe with contaminating film on the probe surface.

The relationship among them becomes

av,
— %% A4
Jy=—0%n (34)
_ d Vo = Vg
Ty = (Vo= Vo) = =5, (35)
V, =V,
J, = Ji [exp( P f)—1}. (3.6)
Pe
Defining following parameters,
Vo = Vi
= ’ 3.7
S (3.7)
V, =V,
S L (3.8)
Ty = CfRf, (3 9)
C
= — 3.10
eq. (3.4) - eq. (3.6) reduce to
dp p—q 1+~ ,
B — —1 A1
w= e, (3.11)
dq L,
2 (e 1), 12
L (- ) (312
The parameter v is represented by
Er df
=— - —. 3.13
LA (3.13)

Since the difference between ¢, and ¢ is small in most cases, 7y is regarded as

the index of the thickness ratio of the contaminating film and the insulating
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layer. When v < 1, from eq. (3.11) and eq. (3.12), it follows that

dp—q9) _ _P—4q (3.14)
dt Tf ‘ .

This means that V}, and V, approaches each other with the time-constant of
Tf.

Ry is represented by
Ry = pgdy. (3.15)
Here, p; is the resistivity of the contaminating film. Then, 7; becomes
Ty = €0E [Py (3.16)

¢ [sec] is written as 8.85 x 107! - e;p;[Q - cm]. Usually, e; approximately lies
in the range of 1.5-5, except for the ferroelectric material. Therefore, 7 is
mainly determined by the magnitude of py.

In most insulating materials, p; is on the order of 102 - cm or larger.
Then, 74 becomes about 10!'s or longer. If the contaminating film is slightly
conductive (p; < 107 Q-cm), 74 becomes about 107 s or shorter. On the other
hand, the time constant of the probe current decay 7 is usually in the range
of 1075-107*s (for example, C' = 500 pF/cm?, ¢, = 2V and J; = 0.1 mA /cm?
make 7 = 107°s). Therefore, if the contaminating film consists of an insulating
material, the relation of 74 > 7 holds. If the contaminating film consists of a

conductive material, the relation of 74 < 7 holds.

3.2.2 Case of Conductive Contamination (1 < 1)

When 7; < 7 holds, V,, and V, approaches each other much faster than the
change of the probe current as seen from eq. (3.14), as long as v < 1 holds, i.e.,
in the beginning of the deposition of the contaminating film. Then, eq. (3.11)
and eq. (3.12) reduce to

% = —%(ep —1). (3.17)
This equation is identical with the equation describing the probe current re-

sponse without the contaminating film [see eq.(2.10) in Chapter 2].2) It follows
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that the deposition of the contaminating film does not substantially affect the
measurement of the probe current response. This enssures the stable measure-
ment by the IPP method even in reactive plasmas.

As the deposition of the contaminating film advances, v becomes larger and
eq. (3.14) becomes invalid. The fact that 7; (= CyRy) is small and v (= C/CY)
becomes large means that C; becomes small. Then, the equivalent circuit
shown in Fig. 3.2 approaches the series connection of C' and Ry. The time

constant of this circuit is rewritten as
CRf:C/Cf'CfRf:’VTf. (318)

If this time constant becomes significant compared to 7, the probe current
response changes. In other words, roughly speaking, the stable measurement
is guaranteed as long as v < 7/7y.

Figure 3.3 shows the probe current response after the positive pulse edge
calculated for (a) 7 =10"*s, 7y =10 °s and (b) 7 = 10™*s, 74 = 107%s. The
amplitude of pulse was 2¢., i.e., p = ¢ = 2 at t = 0. The probe current response
was calculated for various values of 7. The probe current is represented by
—dq/dt [see eq. (3.4)] and the natural logarithm of the probe current normalized
by the magnitude of the peak current, which flows at t = 0, is plotted in each
graph. It is seen that the probe current response hardly changes as long as
v < 0.1 in Fig. 3.3(a), and, v < 1.0 in Fig. 3.3(b). It is reasonably expected
that the change in the probe current response is negligible, if v < 0.01 x 7/7%.

For example, when the contaminating film consists of a metallic material, 7¢
becomes much smaller. Thus, the measurement is substantially unaffected by

the deposition of the conductive contaminating film.
3.2.3 Case of Insulating Contamination (7y > 1)

In this case, the first term in the right side of eq. (3.11) becomes negligible
compared with the second term, while e? > 1 after the pulse edge. Then,
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Fig. 3.3: Probe current response after positive pulse edge calculated for (a) 7 = 107*s,
T = 107%s and (b) 7 = 107%s, Tr = 10~%s. Amplitude of pulse is 2¢., i.e., p = ¢ = 2 at
t=0.
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eq. (3.11) reduces to
d_p 1+

dt T

(eF —1). (3.19)

This is identical to the equation that describes the probe current response with
the time constant 7/(1 + «) in the case of no contaminating film.

In due time after the pulse edge, the surface facing the plasma is charged
back to the floating potential V; and p approaches zero. Then, the first term
in the right side of eq. (3.11) becomes principal and the probe current response
is determined by the longer time constant 7.

The results of the calculation of the probe current response in the case of
7 > 7 is shown in Fig. 3.4. In Fig. 3.4(a), 7 = 107*s and 7, = 10?5 are
assumed and, in Fig. 3.4(b), 7 = 107*s and 7; = 107%s are assumed. The
other conditions are the same as those in Fig. 3.3.

It is seen that each curve of the probe current response consists of mainly
two parts except for the curve in case of v = 0 (no contamination). One part
is the faster decay denoted as A. Another part is the slower decay following
this. The time constant of the latter is about 10725 in Fig. 3.4(a) and 1073
in Fig. 3.4(b) which are in agreement with 7. This is in agreement with what
expected from eq. (3.19) and eq. (3.11).

As v becomes larger, the transition point of these two parts shifts left in
the graphs and the term of the part A becomes shorter. In practice, from
the viewpoint of the dynamic range of the probe current measurement, the
measurable range of the probe current will be roughly limited to the shaded
region, i.e., the measurable current response curve mostly consists of the part
A. Fig. 3.5 shows the comparison between the slope of the part A of each
curve (multiplied by 7) and 1+ v. The product of the slope of the part A
and the time constant 7 is about 80 percent of 1 4 ~. It follows that the time
constant of the probe current decay (part A) is approximately represented by
(somewhat larger than) 7/(1 4 ) and becomes the index of 7, in other words,
the amount of the deposition of the contaminating film.

If 74 is quite large, which means that the contaminating film consists of an
almost complete insulator, the deposition of the contaminating film only in-

crease the thickness of the probe insulating layer and changes the time constant
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Fig. 3.5: Comparison between slope of part A (multiplied by 7) and 1 + ~.

7. The above results are in consistent with this.

3.2.4 Case of Semi-Insulating Contamination (7; ~T1)

Figure 3.6 shows the probe current response in the case of 7y = 7 (= 107s).
In this case, the response curve seems more sensitive to the increase of v than
in above two cases. Although the probe current response seems to approach
an exponential decay, the time constant is not different from either 7 or 7.
The time constant changes monotonically depending upon 7. However, this
dependence does not seem to be simple and it will not be easy to estimate the
value of v from the measured change in the time constant.

7r is determined by the electrical property of the contaminating film and
is not arbitrarily controllable. On the other hand, it is possible to adjust 7
by changing the probe capacitance C'. C' can be changed by increasing or
decreasing the thickness of the probe insulating layer. By staggering the time

constants 7 and 7y, the problem is reduced to the one of above mentioned two
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Fig. 3.6: Probe current response after positive pulse edge calculated for 74 = 7 (= 107%5s).

cases (Tf > T or Ty K T).

When the resistivity of the contaminating film py is in the range of 107 —
10'°Q-cm, 74 becomes about 107* ~1073 s and may become of the similar order
to 7. For example, intrinsic amorphous silicon shows resistivity in this range.
Then, in the measurement of the CVD plasma for the deposition of an intrinsic
amorphous silicon film, it may become necessary to adequately determine the

thickness of the probe insulating layer.

§ 3.3 Experimental Measurement with Exposure to

Contaminating Atmosphere
3.3.1 Apparatus for the Experiments

Figure 3.7 is the cross-sectional schematic of the apparatus for the experi-
ments. Both DC and RF power sources are available for plasma generation. For
RF plasma generation, RF voltage with a frequency of 13.56 MHz is applied to
an aluminum disk electrode of 10 cm diameter. For DC plasma generation, DC

negative voltage is applied to a tungsten filament. The stainless steel vacuum
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vessel (inner diameter 20 cm, height 25 cm) is grounded.

Two probes are inserted into the plasma. One is a conventional Langmuir
probe and the other is the insulated probe. The Langmuir probe is a tungsten
wire of 0.4 mm diameter and 1 mm length. A ceramic-coated copper wire of
1 mm diameter is used as the insulated probe. The ceramic-coated copper wire
is bend into the shape of a ring of about 5 cm diameter in order to avoid expos-
ing the end of the wire to the plasma.. The Langmuir probe is located near the
center of this ring. The ceramic coating consists of an approximately 10-um-
thick silicon dioxide layer. In order to avoid the cracks in the ceramic-coating
layer, the radius of the ring of the ceramic-coated copper wire is set sufficiently
large. Because of the large dimensions of the ring, the spatial resolution of
the insulated probe used here is poor. However, since the Langmuir probe is
positioned near the center of the insulated probe, these two probes measure
almost the same plasma condition on average.

Before and after the exposure to the contaminating atmosphere, the I-V
characteristics of these two probes are compared in Ar DC plasma. The dis-
charge condition for the comparison of two probes is the same throughout
the experiments described below. The pressure of Ar is 10 Pa. The discharge

current and the filament current are 2mA and 3.5 A, respectively.

3.3.2 Exposure to Oxygen Containing Plasma

In order to examine the effect of surface oxidation on the probe characteris-
tic, oxygen-containing plasmas were generated by RF discharge. The oxygen-
containing atmosphere is prepared simply by leaking air into the vacuum vessel
up to an adequate pressure. Prior to the experiments, the tip of the Langmuir
probe is electrochemically polished in a solution of sodium hydroxide.

The procedure of the experiments was as follows.

(1) Compare the -V characteristics of the two probes in Ar DC plasma (dis-
charge condition is as described above).

(2) Expose the two probes to oxygen-containing plasma (Air pressure: 10 Pa,
RF power: 10 W, exposure time: 10 min).

(3) Compare I-V characteristics of the two probes in Ar DC plasma.
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Fig. 3.7: Cross-sectional schematic of apparatus for experiments.

(4) Expose the two probes to oxygen-containing plasma (Air pressure: 10 Pa,
RF power: 20 W, exposure time: 20 min).
(5) Compare I-V characteristics of the two probes in Ar DC plasma.

The results of the measurements in steps (1), (3) and (5) are shown in
Figs. 3.8(a)-3.8(c), respectively. Each graph shows the part of the probe I-V
characteristic around the floating potential. The horizontal axis represents the
probe potential measured from the floating potential in each graph.

Initially, the I-V characteristics of the two probes showed good agreement
[Fig. 3.8(a)]. After exposure to the oxygen-containing plasma, however, the
[-V characteristic curve of the Langmuir probe showed a smaller curvature
and the slope of the ascending part of the curve became smaller [Fig. 3.8(b)].
These changes became more prominent with repeated exposure [Fig. 3.8(c)].
On the other hand, the I-V characteristic of the insulated probe hardly showed
change.

Figure 3.9 shows the transition of the I-V characteristics of the (a) Langmuir
probe and the (b) insulated probe. Circles show the initial I-V characteris-
tic. Triangles show the -V characteristic after exposure to oxygen-containing
plasma for 10 min. Inverse triangles show that after additional exposure to the

oxygen-containing plasma for 20 min. In Fig. 3.9(a), the horizontal axis repre-
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sents the probe voltage measured from the ground. It is seen that the floating
potential also changes due to exposure to the oxygen-containing plasma. In
Fig. 3.9(b), the -V characteristics of the insulated probe at each step overlaps

each other and almost no change can be found.

3.3.3 FExposure to Methane Containing Plasma

Next, in order to examine the effect of the exposure to CVD plasma,
methane-containing plasmas were generated by RF discharge. The discharge
condition of the methane-containing plasma was same throughout the experi-
ments. The flow rate were 10scem for Ar and 2scem for CHy. The pressure
was 10 Pa. The RF power was 20 W.

Prior to the experiments (after the exposure to the oxygen-containing
plasma), the tip of the Langmuir probe was again electrochemically polished
in a solution of sodium hydroxide.

The procedure of the experiments was as follows.

(1) Compare the I-V characteristics of the two probes in Ar DC plasma.
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Fig. 3.9: Transition of I-V characteristics in case of exposure to oxygen-containing plasma.

(a) Langmuir probe, (b) insulated probe.
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2) Expose the two probes to Ar-CH, plasma for 10s.

3) Compare the I-V characteristics of the two probes in Ar DC plasma.

4) Expose the two probes to Ar-CHy plasma for 30s.

5)
)
)

6) Expose the two probes to Ar-CH, plasma for 1 min.

Compare the I-V characteristics of the two probes in Ar DC plasma.

(
(
(
(
(
(7) Compare the I-V characteristics of the two probes in Ar DC plasma.

The results of the measurements in steps (1), (3), (5) and (7) are shown in
Figs. 3.10(a)-3.10(d), respectively. Each graph shows the part of the probe I-V
characteristic around the floating potential. The horizontal axis represents the
probe potential measured from the floating potential in each graph.

Initially, the I-V characteristics of two probes showed good agreement
[Fig. 3.10(a)]. However, the I-V characteristic of the Langmuir probe changed
drastically after the exposure to the Ar-CH, plasma for only 10s [Fig. 3.10(b)].
The I-V characteristic curve started to show a sharp corner at the floating
potential. Figure 3.10(c) shows the I-V characteristics after the additional
exposure for 30s and Fig. 3.10(d) shows those after the further additional
exposure for 1 min. This sharp corner became blunt with repeated exposure
[Fig. 3.10(c),(d)]. On the other hand, the I-V characteristic of the insulated
probe showed negligible change.

Figure 3.11 shows the transition of the I-V characteristics of the (a) Lang-
muir probe and the (b) insulated probe. Circles show the initial I-V character-
istic. Triangles show the I-V characteristic after exposure to Ar-CHy plasma
for 10s. Inverse triangles show that after the additional exposure for 30s.
Squares show that after further additional exposure for 1 min. In Fig. 3.11(a),
the horizontal axis represents the probe voltage measured from the ground. It
is seen that the floating potential increases in proportion to the exposure to the
Ar-CHy4 plasma. In Fig. 3.11(b), the I-V characteristic of the insulated probe
at each step shows good agreement except for a slight divergence. This diver-
gence is probably due to the problem of the reproducibility of the discharge
condition, because the generation of the Ar-CH, plasma also affect the surface
of the tungsten filament cathode for DC discharge. It is reasonably expected

that the discharge condition can be easily changed because of the thin-film
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deposition on the cathode surface.

§ 3.4 Discussion

The model for the calculation of the effect of the film deposition (Fig. 3.1)
described in §3.2 is quite simple. Nevertheless, it is expected that this model
describes the actual situation very well as long as the deposition of the film is
uniform on the probe surface. The electrical properties of the film are mainly
described by its dielectric constant and resistivity. Then, 7, which is deter-
mined by these two is the dominant parameter that determine the effect of the
deposition of the film.

Strictly speaking, because of the difference in work function between the
probe insulating layer and the deposited film on it, the amount of electrons
emitted from the surface due to various excitation mechanisms will change
somewhat. This leads to the difference of the measured probe current especially
at the negative probe bias (probe current response at the negative edge of the
pulse in the IPP method). Not only the change in the work function but also
other mechanisms may be the cause of the change in the probe current due to
the deposition of the contaminating film. However, these are secondary effects
and are not very important in most cases.

In addition, even if the change in the probe current due to the difference of
the properties between the probe insulating layer and the contaminating film
is considerably large, the material facing the plasma does not change after a
very thin film has been deposited on the probe insulating layer. In other words,
the effect due to the change in the material facing the plasma is observed only
at the beginning of the first measurement. After that, stable measurement
becomes possible. In this case, the so-called “aging” of the new probe would
be effective for the stable measurement.

When, the deposition of the film is not uniform on the probe surface, the
equivalent circuit of the contaminating film in Fig. 3.1 will be represented by
the parallel connection of different capacitors Cy and resistors Ry. Even if the

thickness of the deposited film is different, the time constant 7 (= CrRy) will
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always be same as long as the properties of the deposited film are the same
leq. (3.16)]. The difference in film thickness is represented by the difference
in 7 in the equations which describe the probe current response [eq. (3.11),
eq. (3.12)]. Then, the probe current response curve in case of the non-uniform
film deposition will be the weighted average of the probe current response
curves for different +’s. In this case, the film thickness estimated from the
change of the time constant of the probe current response becomes the value
averaged over the whole probe surface.

Film thickness on the probe surface is estimated from the time constant of
part A, as exemplified in Fig. 3.4. The estimation of the film thickness from
the change of the time constant is much more reliable than the estimation from
the change of I-V characteristic of the conventional Langmuir probe method,
which is described in ref. 6,7. It seems that part A becomes clearer as the dif-
ference between 7 and 7y becomes larger. The contaminating film rarely shows
moderate conductivity except for the case that it consists of a semiconductor,
such as amorphous silicon. When the contaminating film consists of a dielec-
tric material, such as silicon oxide, silicon nitride, alumina, the contaminating
film becomes almost completely insulating (quite large 7¢) and the deposition
of such a film only increases the thickness of the probe insulating layer. This
is easily detected as the decrease of the time constant of the probe current
response.

On the other hand, when the contaminating film consists of a material of
low resistivity, such as metal or conductive oxide, the effect due to deposition
of these films is regarded as negligible. The deposition of these materials does
not bring a marked series resistance to the probe circuit. However, the film on
the probe surface must not contact the film on the other part of the process
chamber. If the film on the probe surface contacts the film on the wall around
the probe, this will be equivalent to the expansion of the probe surface area,
thereby introducing an error to the measurement. Furthermore, if the film on
the probe surface contacts the grounded wall, the probe becomes shielded and
the measurement becomes impossible. Therefore, the structure of the probe

should be adequately contrived so that the film on the probe surface does not
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contact the surrounding film.

In the experimental measurements described in §3.3, the probe -V charac-
teristics at the very initial stage of the formation of the contaminating film were
measured and compared between the conventional Langmuir probe method and
the insulated probe method. In this range of the measurement, no change in
the time constant of the probe current response was observed in the insulated
probe measurement. It was quite difficult to measure the thickness of the very
thin contaminating film on the probe surface in these experiments. Roughly
estimating, the thickness of the contaminating film was probably on the order
of 10-100 A at most, because the exposure time was quite short. Then, v be-
comes less than about 0.01. From Fig. 3.3 and Fig. 3.4, no observable change
in the time constant is expected for this small value of 7.

In the experiments of the exposure to the CHy4-Ar plasma, if the exposure
time had been longer, v would have been larger and an observable change in
the time constant of the probe current response would have appeared, because
of the deposition of an organic film on the probe surface. In order to maintain
the reproducibility of the discharge conditions in the DC discharge for the
comparison of the two probes, the exposure time was limited to a short one
in this experiment, because the longer exposure to the CHy-Ar plasma would
cause the deposition of the organic film also on the cathode surface.

Since no change in the time constant of the probe current response was
observed in the range of the experiments, the experimental results described
in §3.3 do not substantiate the results of the calculation described in §3.2.
However, emphasis should be given to the fact that the measurement by the
insulated probe method is much more stable than that by the conventional
Langmuir probe method, which is obviously understood from the comparison
between Figs. 3.9(a) and 3.9(b) and also between Figs. 3.11(a) and 3.11(b).

The sensitiveness to the surface contamination in the Langmuir probe

8-12

method has been reported by many researchers.® 2 There have been many

efforts to overcome this problem by means of heating the probe®9 or apply-
ing a high voltage bias to the probe.?’?®) In spite of these efforts, however,

it is naturally not possible to completely recover the condition of the original
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surface of the probe by any method. In addition, these methods in which the
temperature of the probe is to be elevated are not free from the solicitude that
the material contained in the probe body is involved into the plasma as an
impurity, thereby affecting the result of the process.

Compared with these ways to manage to use the Langmuir probe method,
the insulated probe method can provide the substantially stable measurement
by itself and is considered useful for the application to monitoring processing
plasmas.

The experiments were performed in the plasma containing oxygen and
methane, respectively. The oxygen-containing plasma leads to the oxidation
of the probe surface and the methane-containing plasma leads to the deposi-
tion of an organic film on the probe surface. In both cases, the formation of
films on the probe surface is naturally expected. On the other hand, in case
of etching plasma, not only the deposition of the contaminant on the probe
surface but also the etching of the probe insulating layer may occur. Although
the stability of the measurements in etching plasmas cannot been ascertained
by experiments, which is beyond the scope of this study and should be inves-
tigated in further study, it is expected that the etching of the insulating layer
will lead to the increase of the decay time constant of the probe current and

that the amount of the etched thickness will be easily estimated.

§ 3.5 Summary

The effect of the deposition of the contaminating film on the probe surface
has been estimated based on a simple calculation model. It has been shown
that the appearance of the effect depends upon the relationship between the
characteristic time constants. One is the time constant of the contaminating
film (7¢), which is represented by the product of the resistivity and the dielectric
constant of the film. The other is the time constant of the probe current
response (7), which is determined by the probe capacitance C' and the plasma
parameters [eq. (3.1)].

When the contaminating film is conductive (7y < 7), the effect of the film
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deposition can be regarded to be negligible. On the other hand, when the
contaminating film consists of an insulator (7; > 7), the time constant of the
probe current decay decreases according to the accumulation of the contami-
nating film. From this change of the time constant 7, it is possible to estimate
the amount of film deposited. The probe current response may become more
sensitive to the accumulation of the contaminating film, in the case of medium
resistivity (7, ~ 7). However, it is possible to avoid the occurrence of this case
by adjusting the probe capacitance C.

It has been proved that the measurement by the insulated probe method
is much more stable than that by the conventional Langmuir probe method,
from the comparison of the probe [-V characteristics after the exposure to the
reactive plasmas that contain oxygen and methane, respectively. The probe
[-V characteristic measured by the insulated probe method negligibly changed
even after the exposure to reactive plasmas. On the other hand, the measure-
ment by the conventional Langmuir probe method was significantly affected by
the exposure to reactive species.

The results obtained theoretically and experimentally support the superior-
ity of the insulated probe method to the conventional Langmuir probe method
concerning the stability of measurement in processing plasma containing reac-
tive species and that the insulated probe method can satisfy the requirement

(A1)—(A4) under the condition (B1) descried in Chapter 1.
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Chapter4

Measurement by Insulated Pulse Probe
Method in RF plasma

§ 4.1 Introduction

In Chapter 2 and Chapter 3, it has been assumed that the space potential of
the plasma to be monitored is constant. This assumption is considered to be
valid in a plasma generated by DC discharge or microwave discharge without
any instability that causes potential fluctuation. In the practical plasma pro-
cessing, however, the RF power, such as the RF power at 13.56 MHz frequency,
is often used for plasma generation.! In the RF generated plasma, the plasma
potential naturally oscillates with a large amplitude according to the RF volt-
age for the discharge. Because of this potential oscillation, probe current at
the RF frequency flows through the probe capacitance even when the probe
voltage is constant and the waveform of the probe current response becomes
different from the simple one such as the illustration in Fig. 2.1 in Chapter 2.
It is reasonably expected that the probe current response to the square pulse
voltage becomes the superposition of both the waveform like the illustration in
Fig. 2.1 and the RF signal.

Precisely examining, this RF component in the probe current signal shows a
characteristic response to the square pulse probe voltage. The current response
like the illustration in Fig. 2.1 arises from the deviation of the probe surface
potential from the floating potential at the pulse edge. The change in the
probe surface potential results in the change in the voltage across the probe
sheath and, further, results in the change in the impedance of the probe sheath.
The change in the probe sheath impedance brings about the change in the RF
component in the probe current. Consequently, it is expected that the RF

component in the probe current signal also shows change at the pulse edge. In
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this chapter, the analysis of the response of this RF component to an abrupt
change in the probe voltage is described and its application to the measurement
of plasma parameters is presented.? )

In the next section, the analysis of the RF current component using a simple
sheath model and its pulse response is presented and the results of numerical
calculations are also described. Experimental results are described in §4.3. In
§4.4, the method to know the phase angle of the plasma potential oscillation

is presented.

§ 4.2 Analysis of RF Component in the Probe Current

The basic configuration of the insulated pulse probe (IPP) method is as

9-11) The probe consists of an electrode and

shown in Fig. 2.1 in Chapter 2.
a thin insulating layer on the surface of the electrode. The probe electrode is
capacitively coupled with the plasma through the probe capacitance C'. The
probe capacitance C' is defined as the capacitance per unit area between the
probe electrode and the surface of the insulating layer facing the plasma. The
surface of the insulating layer facing the plasma is normally charged up to
the floating potential. When the potential of the probe electrode is changed
abruptly by the application of a square pulse voltage (step change in voltage),
the potential of the insulating layer surface deviates from the floating potential
at the pulse edge because of the capacitive coupling through the probe capac-
itance C. After the pulse edge, the charging current flows in the probe circuit
to charge the insulating layer surface back to the floating potential as shown
in the illustration of the current signal in Fig. 2.1.

In the case of RF plasma, the plasma potential oscillates in accordance with
the voltage of the RF electrode and the RF component is induced in the probe
current through the probe capacitance C. Let us consider the behavior of this

RF component in the probe current on the following assumptions;

(1) The frequency of RF is so high that the ions are considered to be immobile
and follow the time-averaged electric field; however, the frequency is not

so high that the inertial movement of electrons cannot be neglected.
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(2) The plasma contains no negative ions or the density of negative ions is not
so high that they do not have significant importance for the determination

of the sheath structure.

(3) Impedance of the probe capacitance C' is much smaller than that of the
probe sheath for the RF signal. In other words, the thickness of the probe

insulating layer is much smaller than the sheath thickness.
(4) The output impedance of the probe voltage source is negligibly small.

The first assumption is explained as follows. The frequency of the RF (an-
gular frequency w) is assumed to be so high that the period of RF is shorter
than the electron-energy relaxation time (w > 1/T, - dT,/dt = 7.°') and, con-
sequently, is also much shorter than the time constant of the change in plasma
density (771 > 1/ng - dng/dt).***®) Here, T, and ng are the electron temper-
ature and the plasma density, respectively. In the frequency range of HF or
VHEF (several MHz to 100 MHz or so), this is considered true and the relation
Wpi K w <K wye 1s usually satisfied in most processing plasmas, consequently,
the first assumption above is considered valid.'>'%) Here, w,; and w,, are the
ion plasma frequency and the electron plasma frequency, respectively. Under
these conditions, the electrons instantaneously change their spatial distribu-
tion according to the local potential, following the Boltzmann relation. On the
other hand, the change in the spatial distribution of ions, the plasma density,
and the electron temperature during the period of RF can be neglected.

In Fig. 2.1, the potential of the probe electrode is substantially fixed to the
ground level for the RF signal at steady state because of the virtual short
between two input terminals of the operational amplifier based on the fourth
assumption above. Consequently, the voltage between the plasma and the
probe electrode changes according to the plasma potential oscillation and the
RF current component is caused in the probe circuit through the probe ca-
pacitance C'. Based on the third assumption, it is considered that the surface
of the insulating layer facing the plasma is normally charged up to the time-
averaged floating potential Vy,. This is in contrast to the RF-compensated
Langmuir probe method, in which the probe surface is kept at an extremely

high-impedance state and, therefore, the probe surface potential oscillates fol-
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16-30) This feature that the probe capacitance is

lowing the plasma potential.
much larger than the sheath capacitance discriminates the IPP method from
the ordinary capacitive probe method.?’ %% Furthermore, the RF component
in the probe current measured in the IPP method is not the current due to the
externally excited potential oscillation as in the method by Sawa et. al.,3%37)
but the current due to the plasma potential oscillation naturally inherent to
the RF plasma.

The probe current density .J, is generally represented as the sum of the

displacement current component Jys and the conduction current component

Jcnd-
Ty = Jais + Jona. (4.1)

The displacement current component Jy is due to the time variation of the
electric field in the sheath and is represented by the time variation of the total
charge in the sheath region. The conduction current component J.,4 is due to
the imbalance between the electron flux and the positive ion flux to the probe
surface. Here we state that the probe current is measured as positive when it
flows toward the plasma from the probe.

In order to understand the behavior of the probe current, the issue to be
considered is how the displacement current component Jg, and the conduction
current component J.,; depend on the voltage across the probe sheath. For the
sake of simplicity, the analysis of the behavior of these components using a sim-
ple sheath model under the assumption of uniform ion distribution is described
in §4.2.1. In §4.2.2, results of numerical calculation under the assumption of
nonuniform ion distribution are described. Furthermore, the validity of this

analysis based on the simple model is experimentally examined in §4.2.3.

4.2.1 Analysis of Probe Current Using a Simple Sheath Model

Let us consider a one-dimensional sheath model.?®**3) Suppose that the

plasma potential sinusoidally oscillates with the amplitude V; and the angular
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frequency w. The voltage across the sheath v(t) is represented as
v(t) = Vo + Vi coswit. (4.2)

Here, Vj represents the time-averaged sheath voltage. Normally, Vi > V; holds,
because the surface potential of the probe insulating layer cannot exceed the
plasma potential at any moment based on the second assumption above.

The space charge density in the sheath generally becomes a function of po-
sition z and time ¢ as ¢(z,t). The sheath thickness becomes a function of time

t as s(t). Then, the displacement current component Jy; is represented by

d s(t)
Jdis = —— q(z,t)d. (4.3)
dt J,
On the other hand, based on the first assumption mentioned above, the electron
flux to the probe surface is determined by the potential difference across the
probe sheath, following the Boltzmann relation, and the ion flux is considered
constant in the time scale of the period of the RF. Then, the conduction current

component J.,q can be represented as

Jend = Jeo €Xp (_UQ(:)) —J;. (4.4)

Here, Jg is the electron saturation current density (=eny \/W, e: elec-
tron charge, m: electron mass) and J; is the ion current density. ¢. (= kT./e)
represents the electron temperature measured in volts.

In order to simplify the problem, let us assume that the ions uniformly
distribute in the sheath with density ny (the same density in the plasma) and
that the electron density is negligible compared with that of the ions in the
sheath region.?® The validity of this simplified model is discussed later. Then,
the sheath thickness is represented by

() = (2_“)) . (15)

€Ny
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Consequently, Jys and J.,q become

£0€N0\ 2 wVy sinwt
Jdis = ( ) : (

2 Vi cos wt + Vp)1/?
€0 1 sin wt
= 2("")‘/8 s 46
\/iApﬂ vacoswt +1 (4.6)
s t
ot = T exp (_M) 7
e
exp( 1) e p( acoswt) J, (4.7)
= Joexp(—=)-exp | —= —J;. .
’ 5 5

Here, Ap is the Debye length (= \/eokT./noe?) and the parameters o and
are defined by

Vi
E_ 4-8
= (4.8)
= < 4.9
- (49

Normally, o and 3 satisfy 0 < a < 1 and 0 < 8 < 1, respectively.

Now, let us consider the fundamental components of Jys and J.,4. Let
us represent the fundamental component (and its amplitude) by (- - -), and
its phasor expression by m From egs. (4.6) and (4.7), it is found that
(Jais)w 18 in phase with sinwt and that (J..q). is in phase with —coswt. In
other words, the displacement current component (jd_i_s)z leads the conduction
current component mz by 90°.

As shown in Fig. 4.1, the amplitude of the fundamental component of the
function sin wt/v/acoswt + 1 in eq. (4.6) varies between 1 and about 1.2 de-
pending upon the value of a. As the first approximation, let us assume this as

unity. Then, the amplitude of the fundamental component of Jys becomes

€0

Jis w —
(ais) V2\p

— T~ af
Wpe

= Kgis3 2. (4.10)

BrwV,

1

Here, kg5 represents the coefficient /7 Jeo « (w/wpe)-
On the other hand, the term exp(—a/f-coswt) in eq. (4.7) can be represented
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Fig. 4.1: Dependence of the amplitude of fundamental component of the function

sinwt/v/acoswt + 1 on a.

by the infinite series as follows.

ex (—gcoswt) = I (2)
PA\TB ~\5
—9 VZ:;IQ,,l <%) cos(2v — 1)wt

+22]2V <%) cos 2vwt. (4.11)
v=1

Here, I,(- - -) is the modified Bessel function of the first kind of order v. Con-
sequently, the amplitude of the fundamental component of exp(—a/[ - cos wt)
becomes 21, (a/3), which is approximated by the function \/28/ma -exp(a/ ).
This approximation improves as the ratio a/f becomes larger as shown in
Fig. 4.2. «/p is the ratio of the amplitude of plasma potential oscillation Vj
to the electron temperature ¢. and is generally considered to be much greater

than unity. Therefore, this approximation is expected to be valid. Then, the
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amplitude of the fundamental component of J.,q becomes

e (3 (5
()

Here, k.nq represents the coefficient /2/7 /.

Let us consider the case when a square pulse voltage with amplitude Ej
is applied to the probe and the time-averaged sheath voltage V[ changes by
dVy. The pulse width and the period of the pulse repetition are assumed to be
sufficiently longer than the time required for V to recover to the steady-state
value. At the positive edge of the pulse, dVy = —FEj, and dVy = Ej at the
negative edge, based on the third assumption mentioned above.

The variations of o and [ are represented by

do = —ozd%;o, (4.13)
d

dp = —5ﬁ, (4.14)
Vo

from their definitions [egs. (4.8) and (4.9)].
Then, the variation of (Jys)., becomes
1 1dVy

d<Jdis)w = —élidiSCYﬁiQ v (415)
0

and the variation of (Juq), becomes
1\? 1-a\ dvp
d Jcn w — ~HFen - - —_—. 4.16
ont) = d(@ﬁ) e“)( B ) v 10
From the ratio of egs. (4.10) and (4.15),
d(Jais)w  1dVg

= —=—. 4.17
Uua 20 1
Similarly, from the ratio of eqs. (4.12) and (4.16),

(Jend)s B Vo
Equations. (4.17) and (4.18) reveal that the ratios of the variations differ be-
tween (Jys)w and (Jeng)o- This means that the application of the pulse voltage
brings about the phase shift df to the RF component of probe current (.J,).,

because there is a phase difference of 90° between (sz-s):, and (Jeng)w-
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Fig. 4.2: Dependence of the amplitude of fundamental component of the function exp(—«/3-
coswt) on «/f. The approximated function \/25/ma - exp(a/f5) is also plotted.
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The observable quantities are the variation of amplitude and phase of the fun-
damental component in the probe current, d(.J,), and df, respectively. d(Jus)w
and d(Jena), are related with d(.J,), and df as shown in Fig. 4.3 and are rep-

resented as follows.

d(Jdis)
d<Jcnd)

(Jp)w - sind + (J,), cos b - db, (4.19)

d
d(Jp)w - cosO — (Jp),siné - db. (4.20)

w
w

Here, 0 is the phase difference between (Jp)u: and (Jcnd)o:, i.e., the leading angle
of m with respect to the opposite phase of the plasma potential oscillation
—(_v—);> (note the positive direction of the probe current). Therefore, 6 is called
the phase angle of the plasma potential oscillation below, which is defined by
0 = arctan|(Jyis)w/(Jend)w]- Then,

(Jais)w = (Jp)wsind, (4.21)
(Jend)w = (Jp)w cos @ (4.22)

Consequently, by the measurement of the fundamental component of the
probe current (J,),, its variation d(J,)., the phase angle of the plasma poten-
tial oscillation § and the phase shift df, (J,), and d(J,), can be decomposed
into (Juis)w, (Jend)w, d(Jais)w and d(Jemq)w. Then, the time-averaged sheath
voltage Vj and the electron temperature ¢, can be calculated from eqs. (4.17)
and (4.18).

Next, let us consider the time response after the pulse edge. The variation
of the RF component due to the application of the pulse voltage decays with
time after the pulse edge. This is because the surface of the insulating layer on
the probe is charged back toward Vi by the transient charging current that is
caused by the imbalance between the electron flux and the ion flux during the
period of RF. The response of the probe surface potential after the pulse edge
is determined by the probe current averaged over the period of RF (.J,).

When the plasma potential as the function of time is v4(t) and the surface

potential of the insulating layer on the probe is V, [i.e., v(t) = vs(t) — V4], the
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Fig. 4.3: Phasor diagram which shows the relationhip among the measurable values and

—
(Jais)w and (Jend)w- (Jend)w is parallel with —(v),, (note that J, is measured as positive

when it flows from the probe to the plasma.).

probe current J, is represented as
s t) — Va
T, = Jooexp (_%) Tt T (4.23)
When V, is equal to the time-averaged floating potential Vyq, the time-average

of J, is zero. Since the time-average of Jy is also zero, averaging each side of

eq. (4.23) over the period of RF yields

s(t) =V
0= J,oexp (—w) — (4.24)
Accordingly,
s(t) =V
J; = J.gexp (—M) (4.25)
e
holds.
Equation (4.23) can be rewritten as
s(t) =V V, =V,
Jp = Jeg €Xp (—%) exp (Tfo) — Ji + Jgis- (4.26)

If the impedance of the probe capacitance C' at the frequency of RF (w) is

sufficiently low, V, can be regarded as constant in the time scale of 1/w. Then,
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averaging each side of eq. (4.26) over the period of RF yields

— (1) —V V.=V
Jp = JeoeXp (—%) exp (¢—m> — J;

s {exp <%) - 1} | (4.27)

This means that the probe current averaged over the period of RF (.J,) shows

the same dependence upon the probe surface potential V, as in the case of no
plasma potential oscillation.”

Consequently, in the same manner as the case of no plasma potential os-
cillation, which is described in Chapter 2,? the time constant of decay of the
variations after the pulse edge is represented by

_C’¢e
_—Ji .

T (4.28)

The probe capacitance C' is determined by the geometric dimensions of the
probe electrode and the insulating layer. The electron temperature ¢, can
be calculated from eqs. (4.17) and (4.18) as described above. Then, the ion
saturation current J; can be calculated from eq. (4.28) and, accordingly, the
plasma density ny can be estimated.

The plasma frequency wy, is determined by the thus estimated plasma den-
sity ng. The ratio of eqs. (4.15) and (4.16) becomes

d(Jgis)w T W s <1 — a>
d(Jend)w 2\/5"%6@ P 8 ( )

« can be determined by eq. (4.29), since the other parameters have been previ-

ously determined. Then, the amplitude of the plasma potential oscillation Vj
can be estimated.

The function of o on the right side of eq. (4.29), a®?exp[(1 —a)/A], is
illustrated in Fig. 4.4 with 8 as a parameter. It is seen that there are two
solutions for « for the same value of this function. However, the smaller one is
a trivial solution and the larger value is to be adopted because generally « is

considered to be much greater than f.
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Fig. 4.4: Dependence of a3/ exp[(1 — «)/B] upon a.

4.2.2 Numerical Calculation of Probe Current Under the As-

sumption of Nonuniform Ion Distribution

The analysis described in §4.2.1 is based on a simple sheath model and some
approximations have been introduced. In the practical RF plasma, however,
the problem may be more complicated. In particular, the estimation of the
displacement current component (Jy5),, differs depending on the sheath model.
The ion distribution is generally not uniform in the sheath in the practical
situation.

The behaviors of (Jys)w and (Jena)w, and their variations at the abrupt
change in the sheath voltage V{, were numerically calculated in the following
manner for a wide range of parameters o and (3.

According to the well-known static sheath theory, the ion density n; in the

sheath region is represented as

n; = Nge/\/1+V/V. (4.30)

Here, ng.. is the plasma density at the sheath edge. V.. is the voltage across

the pre-sheath region, which is the potential at the sheath edge measured from
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the space potential level of the bulk plasma toward the negative direction.
Similarly, V' is the potential in the sheath region measured from the potential at
the sheath edge toward the negative direction. Considering the Bohm criterion,

this can be rewritten as

C=1//1+2n. (4.31)

Here, ( is the normalized ion density (= n;/ns) and 7 is the potential normal-
ized by the electron temperature (= V/¢.). Then, neglecting the electrons in
the sheath region, the Poisson equation is represented as
dn_ 1
gz V1+2n

Here, ¢ is the distance from the sheath edge normalized by Debye length

(4.32)

Apse = (€0kT,/ng.e?)/?. Solving this equation with appropriate boundary
conditions, the ion density distribution can be plotted as a function of &, which
is qualitatively illustrated in Fig. 4.5. As the first approximation, dn/d¢ = 0
at £ = 0 was assumed as the boundary condition in the calculation described
below.

When the space potential of the plasma oscillates, the sheath edge moves
according to the voltage across the sheath. If the frequency of the oscillation is
so high that the ions cannot respond minutely, only the electrons redistribute
according to the potential change. To the right of the sheath edge, the electron
density is equal to the ion density at any moment to keep the charge neutral-
ity. The electron density exponentially drops to the left of the sheath edge
as illustrated in Fig. 4.5. Assuming the step-like electron distribution,?%4?)
the electron density is regarded as zero to the left of the sheath edge in the
shadowed region in Fig. 4.5. It is assumed that a sharp electron front is po-
sitioned at the sheath edge. This electron front travels forward and backward
according to the space potential oscillation to yield the corresponding sheath
voltage. This movement of electrons is analogous to the oscillatory flow of a
fluid in a pipe with a variable cross section.?)

Under the given ion density distribution, the position of the electron front

(& = o(t) = s(t)/Apse) can be determined corresponding to the given sheath
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Under the assumption of step-like electron distribution,
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Fig. 4.5: Schematic drawing of ion density distribution and potential distribution in sheath

region.
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voltage 7,,. Changing the sheath voltage sinusoidally as
Nw = Mo + Ns COS W, (433)

it is possible to calculate the velocity of the electron front movement do/dt,
hence, the value of the displacement current Jg;, and its fundamental compo-
nent (Jys)w. The ion distribution was determined so that the electron front
arrives at £ = 0 (¢ = 0) when the voltage across the sheath takes a maximum
value (1, = 0o + 1s)-

Juis was calculated as

A
Tais = V21 - — =X (4.34)
Wpe Au

Here, u = wt and x represents the total number of ions in the sheath that is

calculated as
§:§w
X = / Cdg. (4.35)
E=o

In this calculation, the phase step Au was set to 27/1000.

On the other hand, the conduction current J.,; can be evaluated based on
eq. (4.4) for the given sheath voltage. Its fundamental component (J.uq), can
also be calculated assuming the sinusoidal change of sheath voltage.

Figure 4.6 shows the result of the calculation of d(Jy;s)w/(Jais)w- The change
ratio of sheath voltage dVj/Vy was set to 0.02 for the calculation. In Fig. 4.6,
the ratio of |d(Juis)w/(Jais)w| to |dVh/Vp| lies around 0.6 except for the region
of large o and its dependence on f seems weak. According to eq. (4.17),
|d(Jgis)w/(Jais)w| should be half of |dVy/Vh|. Although the result obtained
from the simple sheath model in §4.2.1 is slightly smaller than that of the
calculation, the difference is not large.

As for the conduction current component, the ratio of |d(Jema)w/(Jend)w| to
|dVo/ Vol is equal to 1/ [eq. (4.18)] as long as the exponential dependence holds
and the results of the calculation showed consistency with this.

The ratio of the two components d(Jys), and d(Jenq)., was calculated as
shown in Fig. 4.7. Compared with Fig. 4.4, the curves in these two graphs
show good agreement to the right of the peak of each curve in Fig. 4.4. For
larger values of 5 (8 2 0.24), the curve in Fig. 4.4 shows a peak at a larger value
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Fig. 4.6: Calculated relationship between |d(Jyis)w/(Jais)w| normalized by |dVy/Vp| and .

of o and the agreement between the two graphs becomes worse. In ordinary
cases, it is expected that f lies in the range of 8 < 0.2 (for example, according
to the static sheath theory, 5 ~ 0.2 for Ar plasma). Consequently, it can be
said that eq. (4.29) represents the relationship between d(Jys), and d(Jend)w
in good approximation.

Although the uniform ion density distribution model used in §4.2.1 is far
simpler than the calculation model used here, the obtained results based on
these two models do not show a significant difference except for the extreme
region of the parameters (the region of large « in Fig. 4.6 and curves for large
f in Figs. 4.4 and 4.7). This suggests that the simplification of the model does
not degrade its validity and that these simplified models are not unrealistic.

In the practical measurement, the directly measurable values are not d(Jy;s).
and d(Jena),, but the amplitude change d(.J,), and phase shift df. The above
results of the calculation can be represented by the expression of d(.J,), and
df, if the frequency of RF (w/27) and the plasma density (ng) are given.

Figures 4.8 and 4.9 show |d(J,)./(Jp)w| and |df)| respectively as normalized
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Fig. 4.7: Calculated relationship between d(Jgis)w / d(Jend)w and a.

by |dVy/ V|, assuming w/27 = 13.56 MHz and ny = 1010 ecm™3. In Fig. 4.9,
the unit of the phase angle is converted into degrees. The amounts of the
amplitude change and the phase shift depend on a and 3. Except for a part
of large o and large 3, these have a tendency to increase as o and 8 becomes
large, and furthermore, they have a tendency to become larger as ng increases.

By preparing a series of charts as shown in Figs. 4.8 and 4.9 for various values
of ng, it becomes possible to immediately estimate the plasma parameters from
the measured values without performing complicated calculations.

In order to obtain the plasma parameters by the calculation from
the measured values, it is necessary to know the phase angle 0 ( =
arctan|(Jyis)w/(Jena)w] ). Figures 4.10 and 4.11 show the calculated values
of 0 for ng = 10%m3 and B = 0.1, respectively, assuming w/27 = 13.56
MHz. @ sensitively depends on [ as seen in Fig. 4.10. For a given value of
B, 6 becomes smaller as the plasma density ng increases in Fig. 4.11, which
is reasonably understood from the dependences of Jy;, and J.,q on ng as seen

in egs. (4.6) and (4.7). Furthermore, 6 becomes smaller as a becomes larger,
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Fig. 4.8: Calculated relationship between |d(Jp)w/(Jp)w| normalized by |dVy/Vo| and o
w/2m = 13.56 MHz. Circle in the middle graph shows the experimentally measured data at
50 W of RF power shown in Fig. 4.30.
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Fig. 4.9: Calculated relationship between |df| normalized by |dV,/Vy| and «. w/2m = 13.56
MHz. Circle in the middle graph shows the experimentally measured data at 50 W of RF
power shown in Fig. 4.30.
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because of the exponential dependence of J.,4.

4.2.3  Experimental proof of the sheath model

The behavior of the magnitude of the displacement current (Jys), was ex-
perimentally examined. Figure 4.12 is a schematic drawing of the setup used
for this experiment. An argon plasma was generated by DC discharge at the
pressure of 7Pa. An aluminum mesh was placed on the inner wall of a glass
discharge vessel (diameter: 85 mm, height: 100 mm). This mesh was grounded
via an RF choke coil. An RF voltage of 13.56 MHz was applied to this mesh.
A planar probe (10mme) was set in a part of the wall of the vessel. The probe
was made of a bare stainless-steel rod with no insulating layer on the surface.
A DC bias voltage was supplied to this probe through an RF choke coil. The
waveforms of the probe current and the voltage of the mesh were recorded by
changing both the DC bias of the probe and the amplitude of the RF voltage
to the mesh. The probe current component that leads the voltage of the mesh
by 90°, which is the displacement current through the probe sheath, was cal-
culated from the waveform. The plasma density and the electron temperature
were evaluated by the Langmuir probe method without the application of RF
to the mesh. The probe characteristic was measured at the same position as
that of the RF measurements, replacing the probe with another one with a
smaller surface area (3.8 mme¢) and the electron temperature, plasma density

and plasma potential under the condition of no RF excitation were evaluated.

Figure 4.13 shows the result of this measurement. The amplitude of the
displacement current normalized by Jeo - w/wpe - ﬁ_% is plotted versus the index
of the amplitude of the sheath voltage oscillation a.

For comparison, Figure 4.14 shows the result of the calculation based on the
sheath model described in §4.2.2. The dependence of Jy;/ 5_% on « is plotted
as same as Fig. 4.13. The dashed line shows the result of a similar calculation
on the assumption of the uniform ion distribution. Jys/ ﬁ_% seems almost
proportional to « in the case of uniform ion distribution. This is in agreement

with eq. (4.10). For large values of «, since the amplitude of the fundamental
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Fig. 4.10: Calculated relationship between # and «, when ng = 10%m=3. w/27 = 13.56
MHz. Circle in the middle graph shows the experimentally measured data at 50 W of RF
power shown in Fig. 4.30.
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Fig. 4.11: Calculated relationship between 6 and «, when 8 = 0.1. w/27 = 13.56 MHz.

component in Jy, increases as shown in Fig. 4.1, the curve deviates slightly
from the proportional dependence. In the case of uniform ion distribution,
(Jais)w/ B_% is independent of Vj/¢.. The reason for this is as follows. The
sheath thickness varies with the square root of the voltage across the sheath
as seen in eq. (4.5), thereby Jy;s varies with the reciprocal of the square root
of the voltage across the sheath, i.e., Jys normalized by the square root of the
voltage across the sheath (ﬁ_%) is independent of Vj.

On the other hand, under the assumption of the nonuniform ion distribu-
tion illustrated in Fig. 4.5, the magnitude of the displacement current becomes
slightly smaller and dependent on the bias voltage across the sheath as shown
in Fig. 4.14. The reason for this is considered as follows. Since the ion density
near the wall (probe surface) decreases as the bias voltage across the sheath
increases, the ion sheath grows thicker than in the case of uniform ion distri-
bution, thereby the displacement current becomes smaller. Their dependence

deviates from the square root law, therefore Jg, normalized by B’% still de-
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Fig. 4.12: Apparatus used for the measurement of the relationship between Jg;s and a.
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Fig. 4.13: Relationship between Jy;s and o measured using apparatus in Fig. 4.12.
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pends on V4.

Comparing the experimental result (Fig. 4.13) and the results of calculation
(Fig. 4.14), it is noticeable that the experimentally measured value Jy;, /32
seems almost proportional to a and that all the plot points lie almost on
the same line regardless of the probe bias voltage in Fig. 4.13. This means
that (Jgs). is almost proportional to the reciprocal of the square root of the
voltage across the sheath in the range of 0.1 < 8 < 0.3 and indicates that the
simple uniform sheath model adequately represents the actual behavior of the
displacement current. Therefore, eq. (4.10) is considered valid as the expression
of (Juis)w, provided that it is accepted that the condition in this experiment
adequately simulates the RF-generated plasma.

The experimentally measured magnitude of the displacement current is
smaller than the calculated one. However, the experimental absolute value
changes sensitively with the result of the evaluation of plasma density by the
Langmuir probe measurement. It should be noted that the plasma density
(electron saturation current) was measured without the RF excitation of the

mesh.

§ 4.3 Experiments on Pulse Response of the RF Com-

ponent in Probe Current

For demonstration of the pulse response of the RF component in the probe
current, the waveform of the probe current was measured under somewhat
extreme conditions. The apparatus for this measurement (Fig. 4.15) a capac-
itively coupled RF plasma generator with an auxiliary electrode to which a
negative DC voltage was supplied to sustain the plasma even at quite a low
RF power. The frequency of RF was 13.56 MHz and an argon plasma was
generated.. The probe was a disk probe which is composed of a circular copper
plate (3cm in diameter, 0.2mm thick) sandwiched between two thin Teflon
films (50 pm thick). The vacuum chamber was a stainless-steel cylinder with
round ends (inner diameter 50 cm, length 1.2m). The RF electrode (30 cm in

diameter) was located at one end of the chamber and the probe was positioned
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near the edge of the RF electrode. The auxiliary electrode was inserted into
the chamber from the other end of the chamber.

Figure 4.16 shows an example of the waveform of the probe current for the
demonstration of the pulse response in the case of RF plasma. The amplitude
of the pulse was 3V. In order to emphasize and clearly show the probe current
response at the pulse edges, the RF power was set quite low (~ 1W). The
assistant negative DC voltage was applied to the auxiliary electrode in order
to maintain the plasma by the low RF power. The Ar pressure was 11 Pa.

In Fig. 4.16, it is seen that the amplitude of the probe current signal is en-
hanced at the positive edge of the voltage pulse and the increment of amplitude
decays with time. In contrast, the amplitude is suppressed at the negative edge
of the pulse and returns to the normal amplitude in due time. Examining the
waveform in detail, the amplitude change at the positive edge is larger than
that at the negative edge and the undulation of the upper envelope of the
waveform is larger than that of the lower envelope. This means that, taking
the moving average of this probe current signal over the period of the RF, a
similar waveform to the illustration of the current signal in Fig.2.1 in Chap-
ter 2 is obtained. In other words, the probe current signal in the case of the
RF plasma is the superposition of the RF current component and the charging
current component which charges the probe surface potential back to V.

At the pulse edge, not only the amplitude but also the phase of the RF
component in the probe current signal deviates from the steady-state value,
which is demonstrated in Fig. 4.17. Two probes of the same structure and
same dimension were used in this measurement. The probes were set in parallel
at a distance of 2cm. The pulse voltage was applied to only one of them and
the other probe was used as a reference. The RF power was 30 W (without
the assisting DC voltage to the auxiliary electrode) and the Ar pressure was
7Pa. Figure 4.17 shows the transition of the Lissajous figure between the
probe current signals of the two probes after the positive edge of the pulse. In
order to emphasize and clearly show the phase shift, a voltage pulse of large
amplitude (8 V) was applied. The phase difference was initially about 7 degrees

and decayed with time. The rotation direction of the Lissajous figure showed
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Fig. 4.15: Apparatus for the measurement of the waveform shown in Fig. 4.16 and Fig. 4.17.
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Fig. 4.16: Example of waveform of the probe current in the case of RF plasma. Amplitude
of pulse voltage is 3V. RF power ~ 1 W (discharge is assisted by DC voltage). [upper trace:
applied voltage 2V /DIV, lower trace: current response 500 A /DIV; time: 0.1 ms/DIV]
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Fig. 4.17: Example showing the phase shift and its decay at pulse edge. The value in
each figure shows the time which has passed after the positive edge of the square pulse.
Vertical axis and horizontal axis represent the probe current signal of the pulsed probe and
that of the reference probe, respectively. Rotation direction of each Lissajous plots was
counterclockwise, which shows that the pulsed probe signal lags behind the reference probe

signal.
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that the signal of the pulsed probe lags behind that of the reference probe.
This is because the increment of the conduction current component is larger
than that of the displacement current component at the positive edge. At the
negative edge, the phase shifted in the opposite direction.

The pulse response of the RF component in the probe current was measured
in detail using another plasma chamber shown in Fig. 4.18, which was an
ordinary parallel-plate capacitively coupled plasma generator. The dimensions
of the stainless-steel chamber for the inner diameter and the depth were 110 mm
and 80 mm, respectively. An RF electrode (circular aluminum plate 70 mm in
diameter) was placed at the top of the chamber. The probe, which was a
circular planar probe (16 mm in diameter) made of anodized aluminum, was
placed at the center of the grounded bottom plate. The thickness of the oxide
layer (the probe insulating layer) was 6 um. The surface of the probe was set
in the same plane as the surrounding grounded bottom plate. An aluminum
mesh that is connected to the grounded wall can be placed between the RF
electrode and the grounded bottom plate in order to moderate the plasma
potential oscillation.

Figure 4.19(a) shows the relationship between the amplitude increment ratio
d(Jp)w/(Jp)w at the pulse edge and the amplitude of the pulse voltage, and
Fig. 4.19(b) shows the relationship between the phase shift df at the pulse
edge and the amplitude of the pulse voltage. Note that the phase delay is
plotted as a positive value in Fig. 4.19(b). The value of the horizontal axis of
Fig. 4.19 corresponds to the deviation of the surface potential of the insulating
layer on the probe from the time-averaged floating potential V¢, at the pulse
edge. The amplitude and phase of the fundamental component were calculated
by Fourier analysis of the waveform of the probe current signal digitized with
the sampling rate of 500 MS/s. The resolution of the A/D conversion was
8 bits. The integration span for the Fourier analysis was 10 periods of RF.

Both the amplitude and phase of the RF current component change in oppo-
site directions at the positive and the negative edge, respectively. In Fig. 4.19,
the change seems almost proportional to the pulse voltage. However, in the

case of large amplitude of the pulse, the magnitude of change at the positive
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edge is slightly larger than that at the negative edge. This is considered to be
because of the nonlinearity of the sheath. Within a small pulse voltage range
(less than about 0.5V in this case), the change at both edges can be regarded
to be almost symmetrical.

In Fig. 4.19, the change of the amplitude and phase at the pulse edge becomes
larger as the RF power increases. This is reasonably understood on observing
Figs. 4.8 and 4.9, because the plasma density is naturally considered to increase
for larger RF power.

Figure 4.20 shows (a) the time response of amplitude change ratio
d(Jp)w/(Jp)w and (b) the phase shift df after the pulse edge in case of the
RF power of 50 W. The parts of waveforms before the pulse edge are also
shown for reference purposes. Both the change of amplitude and the phase
shift decay with time after the pulse edge.

To perform a comparison among the measurements in a wide range of plasma
condition, a grounded mesh was inserted between the RF electrode and the
grounded bottom. Figure 4.21-4.22 show the result of a similar measurement
under the configuration with the grounded mesh. Figure 4.21(a) shows the
relationship between the amplitude increment ratio d(J,)./(Jp). at the pulse
edge and the amplitude of the pulse voltage, and Fig. 4.21(b) shows the rela-
tionship between the phase shift df at the pulse edge and the amplitude of the
pulse voltage (phase delay is plotted as a positive value).

Figure 4.22 shows the time response of these changes after the pulse edge.
Comparing Figs. 4.20 and 4.22, the decaying time constant is seen to be much
longer in Fig. 4.22 than in Fig. 4.20, which corresponds to the decrease of
plasma density ny due to the insertion of the grounded mesh.

In Fig. 4.23, logarithmic plots of the time response of the amplitude change
and the phase shift after the positive edge of the pulse are shown. It is seen
that each curve shows an almost exponential decay. This time constant is
represented as C' - ¢./J; as described in §4.2. As the RF power increases, the
plasma density usually becomes larger. Consequently, it is expected that this
time constant becomes shorter for larger RF power. This tendency is found in

Fig. 4.23.
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§ 4.4 Determination of the Phase Angle of the Plasma

Potential Oscillation

In order to decompose the measured probe current (.J,),, to the displacement
current component (Jys), and the conduction current component (Jgpq), and
also decompose its variation d(J,), t0 d(Jais)w and d(Jend)w, it is necessary to

determine the phase angle of the plasma potential oscillation, i.e., the phase

angle # between (Jp)u: and (Jcnd)b:.

Consider the case that a sinusoidal voltage (amplitude V},) is applied to the
probe instead of the pulse voltage as illustrated in Fig. 2.1 in Chapter 2.5 Let
the frequency of this sinusoidal voltage be the same as that of the RF for the
discharge (w). Without the application of the probe voltage, the amplitude of
the oscillation of voltage across the probe sheath is V;, which is the amplitude
of the plasma potential oscillation. If the probe voltage oscillation is in phase
with the plasma potential oscillation, the amplitude of the voltage between
the plasma and the probe decreases to V; — V,,. On the other hand, if the
probe voltage oscillation is in opposite phase to the plasma potential oscillation,
the amplitude of the voltage between the plasma and the probe increases to
Vs +V,. Accordingly, the amplitude of the RF' component of the probe current
(Jp)w changes, depending upon the phase difference between the probe voltage
and the plasma potential oscillation. When both are in opposite phase, (J,)q,
becomes maximum and the phase angle between the probe current m and
the probe voltage corresponds to the phase angle 6 between m and m,
because the positive direction of the probe current m is defined as the
direction toward the plasma from the probe.

Consequently, the observation of the amplitude of the RF component of the
probe current, by changing the phase of the probe voltage, makes it possible
to determine the phase of the plasma potential oscillation. Figure 4.24 shows
the schematic configuration used for this measurement. The RF signal picked
up from the RF electrode or the RF generator is supplied to the probe through
the filter and the variable phase shifter. The amplitude of the current signal is
measured with changing the amount of phase shift.

In order to accurately determine the phase of the plasma potential oscillation,
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Fig. 4.24: Schematic configuration for measurement of the phase angle of plasma potential

oscillation 6.

it is necessary to precisely measure the phase angle between the probe current
(Jp)w and the probe voltage V,,. Figure 4.25 shows the electronic circuit used
for detecting the probe current and voltage, which is contrived to minimize the
error in the phase difference between (.J,), and V, due to the effect of phase
delay in the circuit. In this circuit, both the probe current signal and the
probe voltage signal travel through the high-speed operational amplifier only
once, respectively. The probe voltage signal is directly picked up at the probe
electrode as the current flowing through the resistor R in contrast to the probe
circuit shown in Fig. 2.1 and Fig. 2.8 in Chapter 2, in which the probe voltage
signal is indirectly picked up. Both this current and the probe current I, to be
measured are equally changed to voltage signals by the operational amplifiers
OP, and OPy, respectively. The outputs of OP; and OP, are divided by the
two resistors R, and 1/2R, so that the output proportional to the probe current
I, is obtained without employing an operational amplifier in contrast to the
probe circuit shown in Fig. 2.8 in Chapter 2. The output of O P, becomes the
probe voltage signal of the converse sign.

In the experiments, current-mode-feedback high-speed operational amplifiers
[Analog Devices, Inc. AD8001 (band-width 800 MHz)] are used as O P, and O P,

in order to minimize the phase delay in the operational amplifier itself. Thus,
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Fig. 4.25: Circuit for detecting probe current and voltage, which is contrived to minimize

the error in phase difference between current signal and voltage signal.

because both the probe current signal and the probe voltage signal are equally
amplified only once through the high-speed operational amplifier, the difference
of the phase delay between the two signals is expected to be minimized.
Practically speaking, the amplitude of the RF voltage or the condition of
the plasma is not completely stable during the measurement over the phase
span of 360°. Sometimes it becomes difficult to determine the maximum and
minimum points of the amplitude of the probe current signal because of the
fluctuation of the RF voltage or the plasma condition. In order to solve this
problem, it is very effective to apply a sinusoidal voltage of frequency w’, which
is slightly different from that of the RF, w, to the probe. This is equivalent to
applying a sinusoidal voltage of frequency w, changing its phase by 360° during
the period of 27 /|w —w

'|. Then, it becomes possible to acquire the information
corresponding to the whole phase in a short time.

In this method, the phase angle between the plasma potential and the probe
voltage has a linear dependence upon time and can be represented as (w —w’)t.
The amplitude of the probe current J, changes periodically with the frequency
of the beat |w —w’|. Defining J; and J, as the amplitudes of the probe current

components due to the plasma potential oscillation and the sinusoidal probe
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voltage respectively, the amplitude of the probe current J, as a function of

time is represented by

Jy =\ T4 T = 201 Ty cos((w — w)). (4.36)

Therefore, the phase angle of the plasma potential oscillation can be deter-

mined by the following steps.

(1) Measure the time variation of the amplitude of the probe current (.J,),,
applying a sinusoidal voltage (frequency w’ which is slightly different from

w) to the probe.

(2) Fit the time variation of (.J,),, to the function y/a + bcos[(w — w')t + o).
Here, a, b and ¢, are constants. Practically, calculate the Fourier coeffi-

cients of the w — w’ component in the waveform of [(J,).(t)]°.

(3) Calculate the phase angle between (.J,), and the probe voltage at t =
—o/(w — ).

Figure 4.26 shows an example of the result of this measurement. The plasma
device used in this measurement is that shown in Fig. 4.18 with the grounded
mesh. RF power was 50 W at 13.56 MHz. The amplitude of the probe voltage
V, was 0.5V and the frequency of the probe voltage (w'/27) was 13.548 MHz.
After digitizing the waveforms of the probe current and the probe voltage into
8 bit data with the sampling rate of 500 MS/s, the amplitude of the fundamen-
tal component (J,), and the phase angle between the probe current and the
probe voltage were calculated by Fourier analysis. The integration span was
10 periods of the 13.548 MHz component. The approximately sinusoidal gray
curve (somewhat noisy one) in the upper trace of Fig. 4.26 shows the ampli-
tude of the probe current (.J,),. The sharpened black line on it is the fitting
curve approximated by eq. (4.36). The sawtooth-like curve in the lower trace
represents the leading angle of the probe current to the probe voltage.

The phase angle of the probe current to the probe voltage at the maximum
point of (J,), is about 84° in this case. The value of the leading angle read
at the minimum point of (J,),, is also about 84°. Then, the probe current due

to the plasma potential oscillation is considered to lead the plasma potential
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oscillation by about 84°; i.e. §=84° in this case. This means that the displace-
ment current component (Jy;s), is much larger than the conduction current
component (Je,q), in the probe current.

As for the determination of the maximum and minimum points of (J,),
in the above-described method, the maximum and minimum points tend to
be indistinct because the gradient of the curve becomes close to zero around
these points. Although the curve fitting by eq. (4.36) gives exact solutions of
these points, it is not clear whether the approximation around these points is
sufficiently good or not because of the fairly large noise as seen in the upper
trace of Fig. 4.26. Therefore, it seems better to determine the phase angle 6
by following the steps listed below.

(4) Join the two graphs of the time variations of both the amplitude and
phase angle into one graph which show the relationship between these

two.

(5) Find two intersections of the obtained curve and the line (.J,),, = v/a and
average the phase angles at these intersections. Here, a is the constant

obtained in step (2).

The phase angle between the plasma potential and the probe voltage changes
linearly with time. However, the change of the phase angle between (.J,), and
the probe voltage deviates from a linear dependence. When the phase angle
between the plasma potential and the probe voltage becomes 90° and 270°, the
phase angle between (.J,),, and the probe voltage becomes § — Af and 0 + A6,
respectively. This is because the probe current (.J,),, is a superposition of two
components due to both the probe voltage oscillation and the plasma potential
oscillation. A6 is determined by the amplitude ratio of the probe voltage and
the plasma potential. At these moments, (J,), becomes y/a. Averaging the
phase angles at the two intersections, Af is canceled out and 6 is obtained.

Figure 4.27 is the graph of the relationship between the amplitude of the
probe current and the phase angle between the probe current and the probe
voltage shown in Fig. 4.26. The alternate long and short dashed line in Fig. 4.27
represents the level of (J,), = v/a. The phase angle at the two intersections

are read as 18° and 151°. Averaging these two, 6 becomes 84.5°. This is in
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good agreement with the value obtained from Fig. 4.26.

Figure 4.28 shows the dependence of the thus obtained # on the RF power
measured in the second plasma device shown in Fig. 4.18 with and without the
grounded mesh. 6 decreases as the RF power increases. This tendency is in
agreement with the results of the calculation shown in Fig. 4.11, because it is
naturally expected that the plasma density becomes larger as the RF power in-
creases. The reason why 6 decreases as the plasma density increases is because
the conduction current component to the probe increases more sensitively than
the displacement current component as the plasma density becomes larger, as
understood from egs. (4.6) and (4.7). The reason why 6 becomes smaller with-

out the grounded mesh is considered to be the same.
§ 4.5 Discussion

Figure 4.29 summarizes the relationship among the values to be measured

and the values to be obtained in the IPP method in RF plasma based on
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Fig. 4.28: Dependence of phase angle of the plasma potential oscillation # on RF power.

the theory described in §4.2. The essential parameters of RF plasma, such as
electron temperature ¢., plasma density ng, time-averaged sheath voltage V),
and amplitude of plasma potential oscillation V, can be calculated from the
measured values.

Here, the time-averaged sheath voltage Vj, represents the potential difference
between the probe surface and the time-averaged plasma potential. Since the
probe electrode potential is substantially fixed to the ground level for the RF
signal, the situation of the probe sheath is the same as the sheath in front of
the grounded chamber wall covered with an insulating layer. Therefore, in the
case that the inner surface of the process chamber is coated with an insulating
layer, by setting the probe surface in the same plane as the chamber wall (as
drawn in Fig. 4.18), the time-averaged voltage across the sheath in front of
the chamber wall can be estimated by this method. By the same reasoning,
the phase angle of the plasma potential oscillation # mentioned in this paper
is identical to the phase angle between the plasma potential and the current

flowing to the grounded chamber wall coated with a thin insulating layer. Note
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Fig. 4.29: Relationship among the values to be measured and the values to be obtained in
the IPP method in RF plasma.

that this phase angle is not the same as that between the plasma potential and
the current flowing to the RF electrode, which is usually strongly capacitive
because of the large negative self-bias voltage of the RF electrode. It is possible
to estimate the impedance of the wall sheath by this method, because the three
parameters, the amplitude of potential oscillation V, and the phase angle 6,
and the amplitude of current through the sheath (.J,),,, are measurable.

In the analysis described in §4.2, the change in the fundamental component
of the probe current due to the abrupt change in the sheath voltage by dV;, was
discussed without separating the positive and negative changes in V. As seen
in Figs. 4.19 and 4.21, the changes in the amplitude and phase of the probe
current are approximately symmetrical in the small range of pulse voltage
|dV|. However, they deviate from a linear dependence as the pulse voltage
becomes larger. This is because of the nonlinearity of the characteristic of the
sheath. In particular, the conduction current component shows an exponential
dependence upon the sheath voltage. Therefore, the analysis described in §4.2
is valid within a limited range of pulse amplitude dVj.

However, when the pulse voltage is small, the change in both the amplitude

and phase also becomes small and a sensitive detector is required. In the exper-
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iments described in this thesis, the resolution of the used A/D converter was
8 bits. Generally speaking, errors of £1 LSB or more are possibly expected in
the digitization of the waveform because of the noise or other effects. Roughly
estimating, this can bring about an error of about 1% in the determination of
the amplitude and an error of about 1° in the phase. These errors cannot always
be regarded as being negligible. Furthermore, the integration span in Fourier
analysis cannot be completely the integral multiples of the period of the RF
because the switching steps of the sampling rate for the digitization are usually
limited to discrete values. At the sampling rate of 500 MS/s, the sampling pe-
riod is 2 ns which corresponds to the phase angle of 9.8° for a 13.56 MHz signal.
The difference of one sampling point in the integration span is considered to
bring about a fairly large error in the result of the numerical integration. The
plots of data shown in Figs. 4.20 and 4.22 are fairly noisy, which is consid-
ered to be related to the effects of theses errors. These errors which occur due
to analyzing the waveform numerically can be avoided by means of executing
the amplitude/phase detection by electronic circuits. These electronic circuits,
however, are required to have a superior high-frequency response sufficient to
follow the fast pulse response.

Another problem inherent to the numerical calculation of the phase shift
and the amplitude of the fundamental component by Fourier analysis is as
follows. In the Fourier analysis, the waveform data are integrated in a time
span, for example, 10 periods of RF in the case of the experiments described
in §4.3, which is about 0.7 us for the RF at 13.56 MHz and is much longer
than the rise time of the pulse voltage. This integration is accompanied by the
averaging effect that makes the waveform of the pulse response less steep. For
this reason, the phase shift and the amplitude change just at the pulse edge
are underestimated in the calculation. In the waveforms shown in Figs. 4.20
and 4.22, the initial changes just at the pulse edge seem to take time on the
order of ps. This is considered to be due to the averaging effect. Although it
is possible to find the initial value of the change by extrapolating the following
decay curve, the error seems to be less than 10% in this case. The data plotted

in Figs. 4.19 and 4.21 are the peak values of the recorded waveforms (not the
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extrapolated values). The shorter the integration time span is, the smaller
averaging effect becomes; however, the noise in the result of calculation will
become larger.

Figures 4.30 and 4.31 show the results of the calculation of each parameter
based on the analysis described in §4.2.1, using the data shown in Figs. 4.19
and 4.21, respectively. The average of the data in the range where the linearity
holds was used for the calculation.

Although there are many possible factors that bring about errors in the mea-
surement, the results of the calculation of each parameter shown in Figs. 4.30
and 4.31 are considered not to be misdirected. Without the grounded mesh
(Fig. 4.30), the time-averaged sheath voltage V; is 25-30V and the electron
temperature ¢, is 3-4 V. With the grounded mesh (Fig. 4.31), V; is reduced to
less than ten volts and ¢, is about 1 V. The plasma density ng lies in the range
of 107 — 10'%m™3. These values seem reasonable for the capacitively coupled
RF plasma at several tens of watts of RF power in a small chamber.

The experimentally obtained data in Figs. 4.19 and 4.21 show consistency
with the results of numerical calculation in Figs. 4.8 and 4.9. For example, since
no at the RF power of 50 W without the grounded mesh was about 1x 10%cm =3
as shown in Fig. 4.30, the data under this condition can be directly compared
with the middle graph of Figs. 4.8 and 4.9. In Fig. 4.30, o, § are 0.6 and
0.12-0.13, respectively, at the RF power of 50 W. The circle in the middle
graph of Figs. 4.8 and 4.9 shows the point corresponding to these values. In
Fig. 4.19, the broken line shows the value calculated using the data obtained
from Figs. 4.8 and 4.9 (V,=27V) and shows an approximate agreement with
the experimental data for RF 50 W. This supports the finding that the analysis
described in §4.2 well explains the actual behavior of the RF component in the
probe current.

In Figs. 4.30 and 4.31, since « is less than 0.8, the approximation mentioned
in §4.2.1 that the fundamental component of the function sinwt/v/a coswt + 1
is unity is considered valid and the error is within 10% as seen in Fig. 4.2. Fur-
thermore, the ratio of /3 is larger than 2. Then, the approximation that the

fundamental component of the conduction current component is represented
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data shown in Fig. 4.19 (without grounded mesh).
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by the function \/28/ma -exp(a/) is also considered valid as seen in Fig. 4.2.

As for the estimation of o and Vj, however, V; calculated from « is considered
to be apt to be inaccurate, because a complicated formula [eq. (4.29)] that
depends on many parameters is used for its calculation. Alternatively, Vi can
be simultaneously estimated at the measurement of the phase angle of the
plasma potential oscillation € as follows (shown in Fig. 4.29).

In the case that 6 is near 90°, the amplitude of the probe current (J,),, is
approximately equal to the amplitude of the displacement current component
(Jais)w- On the other hand, the amplitude of the displacement current compo-
nent (Jys)w is almost proportional to the amplitude of the voltage across the
sheath as seen in eq. (4.10). The ratio of the maximum and minimum of the
probe current amplitude, when the sinusoidal voltage at the frequency near w
is applied to the probe, can be represented by

(Jp)w,ma:r: ~ ‘/:9 + V;;?
(Jp)w,min N Vs - V;)

(4.37)

r=

Consequently, the amplitude of the plasma potential oscillation Vi can be es-

timated as

r+1
= -V
r—1 P

(4.38)

However, taking the effect of the stray capacitance into consideration,

eq. (4.38) is to be modified into

Y,

V. = probe +}/;tray . r+1

YZDrobe r—1

V.. (4.39)

Here, Y,,0e is the admittance between the probe electrode and the plasma
and, similarly, Y4, is the admittance of the stray capacitance of the probe
electrode.

The coefficient on the right side of eq. (4.39) (Yyrove + Yatray)/ Yorobe « (r +

1)/(r — 1) can be approximately estimated as follows.

(1) Measure the amplitude of the probe current (.J,), 1 when only the probe
voltage is applied without plasma, and (J,), 2 when the probe voltage is

zero with plasma ON.

(2) (J)w2/[(Jp)uwa - (r =1)/(r +1) = (Jp)w] gives the coefficient.
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Otherwise, it is possible to estimate the factor (Yprope + Ystray)/ Yprobe o1 the
right side of eq. (4.39) as follows.

(1) By applying a sinusoidal voltage of the frequency w’ (# w) to the probe,

observe the component of the frequency w’ in the probe current [(.J,).].

(2) Measure (J,),s with and without plasma. Then, (Y, ope + Ystray)/ Yorobe
can be estimated as the ratio (J,)w 1/[(Jp)w1 — (Jp)w2]. Here, (J,)w 1
and (.J,). 2 are the amplitude of the w’ component of the probe current

with the plasma and without the plasma, respectively.

Vs estimated from the ratio (Jp)wmaz/(Jp)wmin Using eq. (4.39) is also
plotted in Figs. 4.30 and 4.31. The values of V; estimated from the ratio
(Jp)w.maz/ (Jp)w,min Se€m more reasonable compared with the values of Vj than
those calculated from a.

As for the determination of the phase angle of the plasma potential oscillation
6, the experimental results in Fig. 4.28 are approximately consistent with the
results of the calculation shown in Figs. 4.10 and 4.11. For example, at 50 W
of the RF power without the grounded mesh, the plasma density ny was about
1 x10%m™2 and «, 8 were 0.6 and 0.12-0.13, respectively, as seen in Fig. 4.30.
In Fig. 4.10, 0 corresponding to these values reads as 65-70° (circle in the
graph). On the other hand, 6 for 50 W without a mesh lies at 73-74° in
Fig. 4.28, which is slightly larger than the calculated value in Fig. 4.10, however,
the difference is acceptable as a measurement error as mentioned below. With
the grounded mesh (Fig. 4.31), the plasma density decreased to about 10%cm 3.
a was 0.4-0.7 and § was around 0.1. Referring to Fig. 4.11, 0 for these values
of parameters lies in the range of 80-90°. This is consistent with the data in
Fig. 4.28.

The stray capacitance of the probe can also cause an error in the evaluation of
6. Figure 4.32 shows the effect of the stray capacitance on the measurement of
6. Since the current flowing to Y4, leads the probe voltage by 90° in phase,
the measured value of # becomes larger than the true value and the error
becomes larger as 6 decreases away from 90°. It is considered that the error of
several degrees at most is possibly introduced in the practical measurement. It

should be accepted that the results of the measurements shown in Figs. 4.30
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and 4.31 contain errors for this reason.

In the experiments described in §4.3, the RF power for the discharge was
limited to a low range (several tens of watts). In the case of higher RF power,
distortion of the waveforms of the RF voltage and the discharge current be-
comes large. Since only the fundamental component in the probe current signal
is of concern in this measurement method, the distortion of the waveform basi-
cally does not affect the measurement in principle. However, the amplitude of
the signal becomes large as the RF power increases and this can cause a para-
sitic effect due to problems in the electric circuit such as the saturation or the
shortage of the frequency response for the large-amplitude signal. It is possible
to avoid these problems by adjusting the size of the probe. On reducing the
probe surface area, the amplitude of the current signal becomes small. In this
case, it is necessary to design the geometry of the probe so as to also reduce
the stray capacitance.

Table 4.1 shows an example of the comparison between the calculated plasma
parameters measured by the method presented here and by the Langmuir probe
method, in a plasma that is generated by DC discharge and driven by RF volt-
age. The plasma device described in §4.2.3, which was used for the evaluation
of characteristic of the displacement current and drawn in Fig. 4.12, was used
for this measurement. The probe was replaced with an insulated probe of the
same size made of anodized aluminum which is similar to that described in
§4.3. Plasma was generated by DC discharge and the plasma potential os-
cillation was excited by driving the mesh with an RF voltage (13.56 MHz).
The data of the Langmuir probe measurements in Table 4.1 are the results of
the measurement without the RF excitation of the mesh. The data obtained
by each method show agreement in the order of the magnitude. Differences
between the data obtained by two methods are considered to be within the ac-
ceptable range of the measurement errors. In addition, it should be noted that
the difference between with /without RF excitation of the mesh might possibly
cause the change in the plasma condition. In any case, it can be stated that
the measurement method presented here can adequately estimate the plasma

parameters.
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Fig. 4.32: Effect of the stray capacitance on the measurement of 6.

Table 4.1: Comparison of the calculated values.

parameter IPP Langmuir probe
dVy [V] 0.1
(Jp)w [arb. unit] 26.1
d(J,). [arb. unit] 0.35
0 [degree] 83
df [degree] 2.5
T [ps] 2
Vo [V] 6.2 4
Vs [V] 5.6 2.3 (voltage of mesh)
be [V] 0.27 1.0
no [x10%m™3] 6.7 4.1
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In the measurement method presented here, the accuracy of the calculated
parameters as the results of the measurement cannot be sufficiently assured
because of the introduction of approximations in the theory and the existence
of many mechanisms causing errors in the measurement as mentioned above.
However, it can be said that the most important factor for practical applica-
tion to process monitoring is not the absolute accuracy of the measurement
but its stability and simplicity. In order to improve the reproducibility and,
thereby, the productivity of the process by maintaining the optimum plasma
conditions, information on how the plasma conditions have varied or have re-
mained unchanged between the process runs is of primary importance. From
this viewpoint, the measurement method presented here is considered very use-
ful, because the measurement is basically stable, i.e., negligibly affected by the
change in the probe surface condition because the probe surface is originally

45-48) I addition, the measurement is very

covered with an insulating layer.
sensitive to the electrical properties of the plasma, especially to the variation
of the plasma potential, because the probe is tightly coupled with the plasma
via quite low impedance. Furthermore, the required apparatus is quite simple

and easily applicable to any processing machine.

§ 4.6 Summary

As for the application of the IPP method to the measurement of RF plasmas,
by analyzing the change of both the amplitude and the phase of the RF funda-
mental component in the probe current signal before and after the application
of square pulse voltage to the probe, the essential plasma parameters of the
RF plasma, such as the electron temperature, plasma density, time-averaged
sheath voltage and the amplitude of the plasma potential oscillation, can be
estimated.

At the positive edge of the pulse, the amplitude of the RF component in the
probe current is enhanced and its phase lags. These changes become opposite
sign at the negative edge of the pulse. This is because the conduction current

component changes in a different manner from the displacement current com-

140



ponent on changing the voltage across the probe sheath. These changes at the
pulse edge decay with a time constant 7 determined by the probe capacitance
C and the plasma parameters. The time constant 7 is the same as that of the
probe current response in the case of no plasma potential oscillation.

The measurement by this method has been experimentally demonstrated
in Ar RF plasma at 13.56 MHz. The results of the measurement showed a
consistency with the numerical analysis based on a simple sheath model and
also showed an approximate agreement with those of Langmuir probe method.

The results presented in this chapter support that the insulated probe
method can satisfy the requirements (A1)—(A5) under the condition (B2) de-
scribed in Chapter 1.
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Chapterb

Use of Sinusoidal Probing Voltage for
Monitoring RF Plasma: Insulated Modulation
Probe Method

§ 5.1 Introduction

In the previous chapter, it has been shown that the most important pa-
rameters of the RF-generated plasma, such as electron temperature, plasma
density, time-averaged sheath voltage and the amplitude of plasma potential
oscillation, can be estimated by analyzing the pulse response of the RF funda-
mental component in the probe current signal, applying a square pulse voltage
to the probe.'™ This RF current component is composed of the displacement
current component and the conduction current component, which are out of
phase by 90°. Since the magnitudes of these two components depend upon the
voltage across the probe sheath in different manners, both the amplitude and
phase of the RF current component change when the pulse voltage is applied to
the probe. These changes and their decaying time constant reflect the plasma
condition.

In this chapter, it is presented that the measurement by the use of a si-
nusoidal probe voltage is substantially equivalent to the measurement using
the square pulse voltage (the IPP method). In the measurement using a sinu-
soidal probe voltage, the steady-state modulation of the RF component in the
probe current signal induced by the sinusoidal voltage is analyzed. Hence, this
method is named the “insulated modulation probe (IMP) method ”.67

There are several measurement methods in which a sinusoidal probing volt-
age is applied to the probe.®'® Measurement of the RF impedance of the
plasma observed from the probe gives information on the plasma density; this is

19,20

called the impedance probe method. ) Recently, a plasma absorption probe
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method has been developed, in which a probe covered with a glass tube is
used and the absolute value of plasma density is obtained from the observa-
tion of the absorption due to the excitation of surface waves around the glass
tube.?1??) In the case of these method, the principal plasma parameter that
can be measured is generally limited to the plasma density.

On the other hand, not only the plasma density but also other essential
plasma parameters can be measured in the IPP/IMP method and, in addition,
the measurement is reasonably expected to be basically stable against any
changes in the probe surface condition.?320)

In next section, a theoretical analysis on the modulation of the probe current
by a sinusoidal probe voltage is presented. The experimental results of the

comparison between the IMP method and the IPP method is described in §5.3
and discussed in §5.4.

§ 5.2 Analysis of Modulation of the RF Component in
Probe Current due to Sinusoidal Probing Voltage

Consider the case when a sinusoidal voltage (angular frequency p) is applied

d2729 as shown

to the probe instead of the pulse voltage in the IPP metho
in Fig. 5.1. The probe electrode is covered with a thin insulating layer and
is capacitively coupled with the plasma thorough the probe capacitance. The
probe capacitance (per unit area) C' is defined as the capacitance between the
probe electrode and the surface of the insulating layer facing the plasma. The
surface of the insulating layer facing the plasma is normally charged up to
the floating potential and the time constant of the surface potential change is

represented by?72%)

C'¢e
Ji

Here, ¢. (= kT./e) is the electron temperature of the plasma measured in

T =

(5.1)

volts and J; is the ion saturation current (current density). For example, when
the probe capacitance C is 200 pF/cm?, the electron temperature ¢, is 2V
and the ion saturation current J; is 0.1 mA/cm?; the time constant 7 becomes

4 ps. In most RF plasma processes, the frequency of 13.56MHz is used for the
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Fig. 5.1: Schematic drawing of the IPP method and the IMP method.

probe electrode

plasma production. Thus, the period of RF for the discharge is generally much
shorter than 1/7. Therefore, if the potential of the probe electrode does not
change, the potential of the insulating layer surface is normally fixed to the
time-averaged floating potential V.

Assume the frequency of the probe voltage p is much larger than the recip-

rocal of this time constant 7.

%ﬂ < O{-]:be‘ (5.2)
In this case, the voltage across the probe capacitance C' cannot change dur-
ing the period of 27 /p and the surface potential of the probe insulating layer
oscillates following the application of sinusoidal probe voltage.

In RF plasmas, since the plasma potential oscillates with the RF frequency,
the RF current component is introduced in the probe circuit through the probe
sheath and the probe capacitance. When the surface potential of the probe
insulating layer changes with time, the voltage across the probe sheath and,

consequently, also the RF component in the probe current are modulated by

the change in probe surface potential.
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The RF component in the probe current consists of the displacement cur-
rent component and the conduction current component. The magnitudes of
these two components depend on the voltage across the probe sheath in differ-
ent manners.' In addition, these two components are out of phase by 90°.
Therefore, both the amplitude and phase of the RF component in the probe
current is modulated by the change in probe voltage.

Let us represent the amplitude of the fundamental RF component with the
frequency w by (---), and its phasor expression by Wi The RF component
of the probe current m can be represented as the sum of the displacement

e , RN
current component (Jys),, and the conduction current component (Jepnqg).-

(JP)U/J = (Jdis)w + (Jcnd)afz (53)
Let us define the positive direction of the probe current as the direction toward
the plasma from the probe.
Suppose that (J,),, changed to (.J,)/,, when the time-averaged sheath voltage
Vo changed by AV; due to the change in the probe voltage by the same value,
Then,

\

) = () + dlTp)e

= (Jdis)w + d(Jdis)w + (Jcnd)w + d(Jcnd)w

— U+ dfjf Tal+ %(Wi (5.4)

Based on the analysis described in Chapter 4,"°) the ratio of the variation

of each component, (Jgs), and (Jeq)w, can be approximately represented by

d(Jdis)w _EA‘/O

= . 5.5
(Jdis)w 2 % ( )
A(Jend)w 1 AV,
T A T 5.6
(Jcnd)w ﬂ ‘/0 ( )
Here, [ is defined as
p= O (5.7)
0
Then, eq. (5.4) becomes
— —— 1AV — 1AV ——
(o) = () = 57— (Jais)e ® (Jend)e- (5.8)

2V B Vo
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—
(Jdis>w

Let the phase angle between (Jp)u/, and (Jenq), be 6. Since leads (Jend)o

by 90°, the following relations hold:

(Jdis)w
tanf = , 5.9
(Jcnd)w ( )
(Jdis)w = jtan Q(Jcnd)o.n (510)
— . IR
(Jp)w = (1 + J tan 0)<Jcnd)w- (5.11)
Here, j is the imaginary unit.
Eq. (5.8) becomes
—_— 0 in 6 o AV
(Gl = a1 = (i ) e 5 (5.12)
8 2 Vo
Now, we are concerned with the case that AVj changes sinusoidally.
AV,
700 = §, cos(pt + ¢)
S, - ‘
— 5 [eJ(thrtb) + e*J(pt+¢)} ) (5.13)

Here, ¢, is the amplitude of the probe voltage normalized by V; and ¢ is the
initial phase angle of the probe voltage.
Consequently, eq. (5.12) becomes
(Jo)e = (Jp)us - [1 - %K(Suej(p”‘z’*‘p””) + %K(s,,eﬂpt“@@”)} . (5.14)

Here,

© = arctan (g tan 9) : (5.15)

K= \/<CO;0>2 + (?)2 (5.16)

The second term in the bracket of the right side of eq. (5.14) represents the

upper sideband (angular frequency w+ p). Similarly, the third term represents
the lower sideband (angular frequency w — p). The phasor diagram of the RF

components of the probe current can be drawn as in Fig. 5.2. The phase angle

of each phasor is represented as the relative value to (Jena)w. (Jend)w is Opposite
__% .
to the phasor of the plasma potential oscillation (v),, (Note that the positive

direction of the probe current is the direction from the probe to the plasma).
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> > (J cnd)oo

Fig. 5.2: Phasor diagram of the modulated RF component of the probe current in the IMP
method.

The phasor of the upper sideband (.J,),+, and the lower sideband (.J,)w—p

—
rotate counterclockwise and clockwise, respectively, around the end of (.J,),

—
with the angular velocity p. The actual variation of the probe current d(.J,),

is the combination of these two ((Jp)w+p + (Jp)w—p) and oscillates linearly in
the direction tilted by ¢’ from the direction of m.

By analyzing the sidebands of the RF component in the probe current, it is
possible to determine the phase angle ¢’ between m and cm from the
initial phase angle of the upper and lower sidebands. With the knowledge of
6, which can be measured by the method described in Chapter 4,5 ¢ can be
determined from the direction of (m. Then, 8 can be calculated from ¢
using eq. (5.15).

From eq. (5.14), the amplitude ratio of the sideband (J,),+, and the fun-
damental component (.J,), becomes Kd,/2. This ratio is easily obtained by

calculating the amplitude spectrum of the modulated waveform. Taking the
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average of the amplitudes of both sidebands, it follows that

(Jp)w—p + (Jp)wtp _ EK(SU.
2(7,)0 2

Then, the time-averaged sheath voltage Vj can be calculated as

o= o \/<ﬂ 8)2 ’ (Te) O

Consequently, the electron temperature ¢, can be calculated from Vj and 5.

In addition, as tan ¢ is the ratio d(Jgis)w/d(Jend)w, it follows that!%7)

(5.17)

T W 3 11—«
tanp = —=—azexp | — |, 5.19
v 2v/2 Wpe P < B ) ( )

as seen in eq. (4.29) in Chapter 4. Here, a is defined as the ratio of the
amplitude of the plasma potential oscillation V; to the time-averaged sheath

voltage V.17

ESIpS

a (5.20)

With the knowledge of the value of «, the plasma frequency w,. and, con-
sequently the plasma density ng, can be calculated from eq. (5.19). « can
be simultaneously determined when the phase angle of the plasma potential
oscillation @ is measured as described in Chapter 4.1°7)

Consequently, the electron temperature ¢., the plasma density ng, the time-
averaged sheath voltage Vj and the amplitude of the plasma potential oscilla-
tion Vy can be estimated from the analysis of the sidebands of the RF compo-
nent in the probe current as same as the IPP method described in Chapter 4.1

The modulation of the probe current due to the sinusoidal probe voltage
was experimentally proved in an argon RF plasma. The apparatus for this
measurement is that shown in Fig. 4.15 in Chapter. 4. Figure 5.3 shows an
example of the amplitude spectrum of the measured probe current signal. The
RF frequency was 13.56 MHz and the RF power was 20 W. The gas pressure
was 5.3 Pa. The frequency and amplitude of the probe voltage were 1.356 MHz
and 0.2V, respectively. The spectrum was calculated from the waveform of
the probe current by fast Fourier transformation (FFT) using Hanning win-
dow. The sampling rate and the number of sampling points were 500 MS/s

and 32768 points, respectively. The resolution of the waveform digitizer was
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(a)

[arb. unit]

104

Amplitude
SO\

10°

(b)

[arb. unit]

1.356MHz | _1.356MHz 1.356MHz 1.356MHz
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Amplitude

10 11 12 13 14 15 16
13.56MHz

Frequency

Fig. 5.3: Example of the amplitude spectrum of the probe current: (a) wide frequency range

(0-50 MHz) spectrum, (b) spectrum around 13.56 MHz.
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8bits. Figure 5.3(a) shows the amplitude spectrum in the frequency range
of 0-50 MHz. Figure 5.3(b) is the magnified section of the spectrum around
13.56 MHz. The growth of sidebands at both sides of the fundamental compo-
nent (13.56 MHz) can be recognized. The RF component in the probe current
contains many harmonics. It is found that the second harmonic component
is also modulated. However, the sidebands are not found beside the higher

harmonic components.

§ 5.3 Comparison with the Method Using Pulse Volt-

age

The schematic phasor diagram in the case of sinusoidal voltage application
and that in the case of pulse voltage application are compared in the illustra-
tions in Fig. 5.4(a) and 5.4(b), respectively. In each figure, (_17)2 represents the
phasor of the plasma potential oscillation.

In the method described in §5.2 (the IMP method), the directly measurable
parameters from the analysis of the modulated probe current signal are the am-
plitude of the fundamental component (.J,),, and the amplitude of the sidebands
(Jp)wtps (Jp)w—p and the phase angle ¢’ between m and (Jp)wﬂ; + (Jp)w—p

as shown in Fig. 5.2. Here, ¢’ is equal to 6 — .

On the other hand, in the method using pulse voltage described in Chapter 4
(the IPP method), the directly measurable parameters are the amplitude of the
fundamental component (.J,),,, the amplitude after the pulse application (.J,)!,
and the phase shift of the fundamental component df as shown in Fig. 5.4(b).

These measurable parameters are related to each other. ¢’ can be calculated

from (J,)!, and df measured in the IPP method (see Fig. 5.5).

;o

[for positive edge] ¢’ = arctan ( Jp)iﬁ));;em_df AR (5.21)
Jp)l, sin df

[for negative edge] ¢' = arctan (Jp), Sin (5.22)

(Jp)w = (Jp)i, cos db
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(Jdis)oa
A

r)ey
0 _
(a) — > (Jcnd)m
-(V)o
d% d(Jdisyo
d (Jcnd)w
(b) (Jcnd)m

Fig. 5.4: Comparison of the phasor diagrams in the (a) IMP method and in the (b) IPP
method.
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(b)

Fig. 5.5: Tllustration showing the relation of ¢’ measured in the IMP method to the measur-
able parameters in the IPP method; (J,),, and df. (a) and (b) show the case of the positive

pulse edge and the negative pulse edge, respectively.
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Conversely, df can be calculated from ¢" and (J,),+, measured in the IMP

method (see Fig. 5.6).

{(Jp)wtp + (Jp)w—p} sing’
(p)w £ {(Jp)wtp + (Jp)w—p} cos ¢’
{(Jp)wtp + (Jp)w—p} sing’

() '

The positive and negative sign in the denominator of the right side of the upper

df = arctan

~ arctan

(5.23)

equation are for the positive and negative edge of the pulse, respectively. In
practice, the second term of the denominator is negligible, because (J,)y+p is
generally much smaller than (.J,,),.

The consistency of the parameters measured for both methods was experi-
mentally examined in an argon RF plasma using another smaller plasma cham-
ber shown in Fig. 4.18 with the aluminum mesh. Measurements by both the
IPP method and the IMP method were executed in the plasma of the same
discharge condition. RF power was 20 W and the gas pressure was 6 Pa.

Table 5.1 shows the results of the calculation of ¢’ from the data obtained
by the IPP method. The values of ¢’ lie around 40° - 43°. The time-averaged
sheath voltage Vj, the electron temperature ¢, and the ratio of these two [ are
also calculated in the manner described in Chapter 4.7 The phase angle of
the plasma potential oscillation [6 in eq. (5.9)] was measured as 87.8°.

Under the same discharge conditions, ¢’ was measured by the IMP method.
Table 5.2 shows the results of the calculation of df from the data by the IMP
method. The frequency of the probe voltage p/2m was 1.356 MHz or 2.712 MHz,
which is 1/10 or 1/5 of w/2m, respectively. p was chosen to be the integral frac-
tion of w in order to enable the integration span in Fourier analysis to be close
to the common multiples of both the period of the fundamental component and
the periods of the primary sidebands. The decay time constant of df in the
[PP method was about 26 us. Therefore, the condition of eq. (5.2) is satisfied.
¢’ values measured from the initial phase of the sidebands were approximately
43°, which is in agreement with the values in Table 5.1. The agreement of
the values of ¢ measured by both methods shows that both methods actually
measure the same characteristic: the direction of the vector m [=(d(Jend)w,

d(Jais)w)]- Vo, ¢e and  are also calculated by the method described in §5.2.
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Fig. 5.6: Illustration showing the relation of df measured in the IPP method to the measur-

able parameters in the IMP method, ¢’, (Jp)wtp-

Table 5.1: ¢’, B, Vy and ¢, calculated from the data measured by the IPP method.
(13.56 MHz Ar RF plasma, RF power: 20W, pressure: 6Pa)

Pulse amplitude 0.1V 0.2V
Pulse edge positive  negative  positive  negative

(Jp)w 26.5 26.5 26.6 26.6 [arb. units]

d(Jp)w 0.13 0.13 0.35 0.33 [arb. units]
do 0.28 0.23 0.6 0.65 [deg]
¢’ 43.8 39.6 40.0 43.0 [deg]
Ié] 0.075 0.086 0.089 0.078
Vo 10.3 10.8 7.8 8.4 V]
Ge 0.77 0.93 0.7 0.65 V]
o 0.72 0.67 0.63 0.74
no 2.3x10° 25x10° 22x10° 2.1 x 10° [em ™3]
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Table 5.2: df, 8, Vi and ¢, calculated from the data measured by the IMP method.
(13.56 MHz Ar RF plasma, RF power: 20W, pressure: 6Pa)

Amplitude of

probe voltage 0LV 02V
Frequency of

1.356 2.712 1.356 2.712 [MHz|
probe voltage
(Jp)w 27.8 27.8 27.5 27.7 [arb. units]
(Jp)w—p 0.104 0.108 0.214 0.231 [arb. units]
(Jp)wtp 0.129 0.121 0.244 0.252 [arb. units]
@ 43.5 44.5 42.9 43.7 [deg]
do 0.33 0.33 0.65 0.69 [deg]
6] 0.075 0.072 0.077 0.074
Vo 7.7 8.4 8.0 7.9 V]
®e 0.58 0.6 0.61 0.59 V]

ne (0 =0.7) 30x10° 25x10° 43 x10° 33 x10°  [em™?

From eq. (5.15), ( is represented by

= 2tan(f — ¢')
tan 6

Vo can be calculated from eq. (5.18). The values of 5, V and ¢, show good

(5.24)

agreement in Table 5.1 and 5.2. The difference between these values obtained
by two methods is considered within the range of measurement error.

In conclusion, it can be said that the measurements by the IMP method
is substantially equivalent to the measurement of the amplitude change and
phase shift of the fundamental component in the probe current by the IPP
method.

§ 5.4 Discussion

Considering the impedance (or admittance) of the probe sheath, the initial
value of the potential deviation of the surface of the insulating layer at the
pulse edge in the IPP method is represented as Yo /(Yo + Y;) - Ey. Here, Yo

is the admittance of the probe capacitance C. Y is the admittance of the
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sheath capacitance. Fj is the amplitude of the pulse. On the other hand,
the amplitude of the potential oscillation of the surface of the insulating layer
becomes Yo /(Yo +Ys+Gs)- Ep in the IMP method. Here, Gy is the conductance
of the probe sheath and each value is that at the frequency of p. Therefore, in
principle, the amplitude of the potential deviation of the probe surface becomes
somewhat smaller in the IMP method than in the IPP method for the same
amplitude of the probe voltage. However, all values for the same amplitude of
the probe voltage show good agreement between Table 5.1 and Table 5.2. It
follows that G is negligible compared with Yo + Y,. Considering that Y¢ is
usually much larger than Y, and that G, is related to the time constant of the
change of the probe surface potential, this provides supporting evidence for the
inequality of eq. (5.2).

As for the effect on the measurement due to the film deposition on the
probe surface, film deposition generally causes the change in the effective probe
capacitance C'. Precisely speaking, this brings about a slight change in the
magnitude of the potential deviation of the probe surface as understood from
the above description. However, this change is almost negligible, as long as the
thickness of the film is far smaller than that of the probe insulating layer and
the inequality of eq. (5.2) holds. Therefore, the very thin contamination film
on the probe surface does not fatally affect the measurement by the IMP /IPP
method in contrast to the Langmuir probe method.

In the IPP method, it is necessary to analyze the pulse response of both
amplitude and phase of the RF component in the probe current. There are
various ways to execute this analysis. One way is to digitize the waveform of
the probe current signal and to calculate the amplitude and the phase of the
fundamental component numerically by Fourier analysis. No special sophisti-
cated equipment is required for this method except for a high-speed waveform
digitizer. However, the vertical resolution of such a high-speed digitizer is
generally limited to 8 bits, which limits the dynamic range of the calculated
spectrum. Furthermore, it is not always possible to choose the sampling rate
to be an integral multiple of the frequency of the RF. This introduces an er-

ror to the results of Fourier analysis. Another problem is that the numerical
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calculation by Fourier analysis usually takes a long time.

In order to achieve quick analysis of the amplitude and phase of the RF
signal, it is useful to execute the vector analysis by an electronic circuit, which
must, however, be carefully designed to show a superior frequency response
sufficient to follow the fast pulse response. In such a vector analyzer, the output
signal of the RF mixer for the phase detection generally must pass a low-pass
filter, which limits the frequency response of the analyzer. Unfortunately, it is
not easy to design and manufacture such a high-speed vector analyzer in a low
cost.

These problems arise from the use of a square pulse voltage for the measure-
ment. In the principle of the measurement, the most essential feature is the
observation of the change in amplitude and phase of the RF component in the
probe current signal due to the change in surface potential of the probe. The
waveform of the probe voltage is not necessarily a square pulse. The square
pulse contains infinite frequency components. The observation of the response
over a wide range of frequencies is a sufficient condition but not a necessary
condition. Even the observation at a limited frequency point can give us the in-
formation about the change in the amplitude and phase of the RF component.
The principle of the IMP method can be interpreted as above.

In the analysis described in §5.2, only the primary sidebands (w + p) of
the RF component in the probe current were taken into account as a result
of modulation. As is well known, infinite sidebands are derived by the phase
modulation. The sidebands of harmonics (w=+2p, w=+3p,...) are also generated,
in practice. However, the amplitudes of these sidebands are much smaller than
those of the primary sidebands (w % p). For example, examining Fig. 5.3(b),
only the sideband at w+2p can be identified, and it is faint. The other sidebands
of harmonics are difficult to identify. From the viewpoints of the signal-to-noise
ratio and the dynamic range of the spectrum measurement, these sidebands of
harmonics are considered not to be very important for the measurement.

Based on the experimental results presented in §5.3, it was ascertained that
the measurement by sinusoidal voltage application to the probe (the IMP
method) is substantially equivalent to the IPP method. In addition, the IMP
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method has the following advantages compared with the IPP method.

First, the signal to be measured is the steady-state probe current signal in
the IMP method instead of the fast transient response of the probe current in
the IPP method. Therefore, in the case that the phase detection is executed by
electronic circuits, the bandwidth of such circuits can be limited to the order of
the modulation frequency p. High-speed responsiveness to follow the fast pulse
response is not required for the circuit in the IMP method. In the case that the
phase analysis is numerically executed, it is possible to make the integration
span sufficiently long to minimize the error in Fourier analysis in the IMP
method. On the other hand, in the IPP method, the integration span must be
much shorter than the time constant 7 in order to analyze the transient fast
pulse response of the amplitude and phase. In most cases, 7 lies in the range of
several microsecond to several tens of microseconds. Thus, the integration span
for the Fourier analysis should be no more than 10 periods of RF at 13.56 MHz
in the IPP method. The error in the numerical integration is approximately
inversely proportional to the integration span. By choosing the integration
span as 100 periods (7us), the error can be approximately reduced to 1/10. In
particular, in the case that the integration span is a common multiple of both
the RF period and the sampling interval, the error in the integration specifically
becomes small. For example, when the integration span is 339 periods, which
is just 25us for the RF of 13.56 MHz, this span is equal to just 12500 points of
sampling by 500 MS/s. Furthermore, by choosing the modulation frequency p
of 40 x N kHz (N is a positive integer), this span becomes just 339 — N periods
of the lower sideband (13.56 — 0.04 x N MHz) and also just 339 + N periods
of the upper sideband (13.56 + 0.04 x N MHz) and, thereby, the error in the
integration is minimized, which is possible in the IMP method.

The transient response to be measured in the IPP method is basically a
one-time phenomenon; in other words, it is not completely reproducible. For
the improvement of measurement accuracy, averaging the data over several
measurements repetitions under the same conditions is generally effective. The
square pulse voltage usually repeats the positive edges and the negative edges,

and it is expected that the probe current periodically repeats a similar response
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each time. However, the pulse response of the RF component in the probe
current signal is not always the same because the pulse repetition is not always
completely synchronized to the phase of the RF for the discharge. Therefore,
it is impossible to eliminate the noise asynchronous with both the RF and the
pulse repetition by means of averaging the measured pulse response over the
repetitions of the pulse. On the other hand, in the IMP method, it is easy to
eliminate the random noise by averaging the waveform data over a long time
span because the periodic signal in the steady state is measured in the IMP
method.

Samndﬂhepmﬁeangedunrqxawnmthedﬂmmmnoﬂﬁjbzis¢’@z@—@%
which is on the order of a few tens of degrees, in the IMP method instead of
the phase shift df, which is generally on the order of a few degrees or less, in
the IPP method. This means that the IMP method is advantageous from the
viewpoint of the sensitivity of the measurement of the phase shift.

However, the IPP method is more advantageous than the IMP method in the
evaluation of plasma density ng, because the time constant 7, which is given by
eq. (5.1) and becomes an index of the ion saturation current J;, can be directly
measured by the IPP method. On the other hand, in the IMP method, ng is
calculated from the electron plasma frequency wy. using eq. (5.19), which is
a complicated formula that contains an exponential function depending on «
and (. This means that the evaluation of ng is apt to be erroneous in the IMP
method. In Table 5.2, ngy calculated for o = 0.7 is shown for reference. In the
practical measurement, the complementary combination of the IPP method
and the IMP method is considered desirable.

Generally speaking, for the measurement by the probe method, in contrast
to the simplicity of the equipment for the measurement, results of the measure-
ment contain much information about the plasma condition and are generally
accompanied by both errors and difficulty in appropriate interpretation. The
IPP method presented in Chapter 4, on which the IMP method presented in
this Chapter is grounded, contains several assumptions and approximations
based on a simplified sheath model, which make the measurement less accu-

rate.
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First, the displacement current is evaluated taking account of only the elec-
trons’ motion, and the ions in the probe sheath are assumed to be immobile
in the time scale of the RF period. This condition is represented by w,; < w,
where wy; is the ion plasma frequency. In the case of Ar plasma used in the
experiments described in this paper, the ion plasma frequency is about 3 MHz
at ng = 10'%m™ and this condition is true for the RF at 13.56 MHz at lower
plasma density. In most processing plasmas that contain ions as heavy as ar-
gon, this assumption of the analysis is considered valid up to a plasma density
of 101% — 10'tem=3.

Second, egs. (5.5) and (5.6) which represent the changes in the displacement
current component and the conduction current component are based on a linear
approximation assuming a small change in the sheath voltage V. The actual
response to the probe potential change, however, deviates slightly from linear
dependence at a larger change in probe potential as seen in Figs.4.19 and 4.21
in Chapter 4. This is one of the reasons why the modulation of the probe
current by the sinusoidal probe voltage generates harmonic sidebands, which
are approximately negligible as mentioned above.

Third, these equations [egs. (5.5) and (5.6)] are derived based on a simple
sheath model assuming both a uniform ion distribution in the sheath and a
step-like electron distribution at the sheath edge.

All these assumptions and approximations make it difficult to guarantee the
absolute accuracy of the measurement by the IPP/IMP method. Not only the
above but also the stray capacitance of the probe can affect the measurement
and cause an error. The existence of numerous mechanisms that introduce
errors in the measurement makes it quite difficult to precisely evaluate the ac-
tual measurement error. On the basis of the comparison with the conventional
Langmuir probe method described in Chapter 4 and the results of both mea-
surements by the conventional Langmuir probe method in DC discharge Ar
plasma and by the IPP method in the same plasma with RF excitation, it can
be said that the error in measurement by the IPP/IMP method is of a similar
degree to that of the Langmuir probe method.

Even if the absolute accuracy of the measurement is not assured, such a

165



measurement method can be effectively used for the application in which the
monitoring of a relative change in the plasma condition is of primary impor-
tance, for example, an application involving long-term monitoring of the tran-
sition in the operating condition of the fabrication process, or an application
involving evaluation of the spatial distribution of the plasma parameter in a
process chamber.

For such applications, of primary importance is not the absolute accuracy
of the measurement but the stability and the long-term reliability of the mea-
surement. The IPP/IMP method is considered effective for such practical ap-
plication involving monitoring of RF plasma processes because of the following

strong points that compensate the poor accuracy of the measurement.

(a) The measurement is basically stable even in reactive plasmas as described

in Chapter 3.
(b) The essential plasma parameters can be easily estimated.

(c) The measurement is sensitive to the plasma condition, especially to the

plasma potential fluctuation.

(d) The equipment for the measurement is quite simple and applicable to

any processing machine.

Furthermore, the IMP method can be applied to any plasma with a periodic
potential oscillation due to the RF voltage. For example, let us consider the
case of the application involving the monitoring of an etching process of a silicon
wafer, in which the wafer is biased by the RF voltage. When a small sinusoidal
voltage is superposed on the RF voltage, the RF current flowing through the
wafer surface is modulated by this sinusoidal voltage. This modulation of the
RF current can be easily detected by, for example, picking up the signal using
a current transformer. Analyzing the sidebands of this RF current signal, it is
possible to estimate the plasma parameters immediately in front of the wafer

in the same manner as the IMP method.
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§ 5.5 Summary

The change of the RF component in the probe current signal due to the
application of a sinusoidal voltage to the probe instead of the pulse voltage as
in the IPP method has been analyzed. Both the amplitude and the phase of
the RF component in the probe current signal are modulated according to the
probe voltage. The reason of the amplitude and phase modulation is that the
magnitudes of both the displacement current component and the conduction
current component are dependent upon the time-averaged voltage across the
sheath V} in different manners.

By analyzing the amplitude and the phase of the sidebands derived by this
modulation, the amplitude change and the phase shift of the fundamental com-
ponent can be calculated, which means the IMP method is substantially equiv-
alent to the IPP method. Experimental results comparing these two methods
proved this. Thus, the essential parameters for the RF plasma such as the elec-
tron temperature, the plasma density, the time-averaged sheath voltage and
the amplitude of the plasma potential oscillation can be estimated similarly to
the IPP method.

In addition, the IMP method has many advantages compared with the IPP
method. In the IMP method, it is not necessary to observe the transient
rapid response at the pulse edge. Only the steady-state probe current must be
measured. It is not necessary to detect a small phase shift of the fundamental
component of the probe current. On the other hand, the characteristic time
constant of the probe current response 7 can be directly measured in the IPP
method, which means that the IPP method is more advantageous concerning
the measurement of plasma density.

The complementary combination of the IPP method and the IMP method

can be a convenient and powerful tool for monitoring RF processing plasma.
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Chapter6

Improvement of IPP/IMP Method Using

Transmission Line

§ 6.1 Introduction

The insulated pulse probe (IPP) method described in Chapter 2-41%18) and
the insulated modulation probe (IMP) method described in Chapter 5,'6:17)
which are generically termed the insulated probe method, have overcome the
most difficult problem proper to the conventional Langmuir probe method for
application to practical process monitoring. The insulated probe method can
provide both basically stable measurement even in reactive plasmas and suffi-
cient information on the plasma condition, and, in addition, does not require
any sophisticated measurement equipment. Therefore, the insulated probe
method is considered one of the most promising tools for the monitoring of
practical plasma processes.

Regarding measurement in RF-generated plasmas by the insulated probe

d,"17) the noteworthy difference from the RF-compensated Langmuir

metho
probe method?* % is that, in contrast, the probe surface is kept at the quite a
low-impedance state with respect to the ground level. Consequently, the probe
current is very sensitive to the plasma potential oscillation and not only the
time-averaged properties of the plasma (electron temperature, plasma density)
but also the dynamic properties related to the RF potential oscillation can be
measured.

In Chapter 25,17 the low-impedance state of the probe surface has been
obtained by the “virtual short” between the two input terminals of the opera-
tional amplifier in the probe circuitry. In this case, since the probe electrode

must be directly connected to an input terminal of the operational amplifier,

in order to minimize the parasitic effect due to the stray capacitance, it is nec-
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essary to arrange the probe electrode very close to the probe circuitry. This
imposes the restriction on the geometric design of the probe system. In order
to insert the probe deep into the plasma, it is necessary to make the probe
circuitry highly compact to minimize any disturbance in the plasma condition
and the shadowing effect due to the probe insertion. This requires careful
design of the probe system and is not always easy to realize.

In this chapter, an effective solution to this problem is presented. By the use
of a transmission line, it becomes possible to place the probe circuitry keeping
a distance of a quarter-wavelength of the RF from the probe electrode. This
greatly relaxes the above-mentioned restriction on the geometric design of the
probe.

In next section, the principle of the insulated probe method using a trans-
mission line is described. The experimental results are described in §6.3 and

discussed in §6.4.

§ 6.2 Insulated Probe Method Using Transmission

Line

In the insulated probe method, a probe covered with a thin insulating layer is
used for the measurement. Because of the insulating layer on the probe surface,
the electrical property of the probe shows an extremely high impedance for the
DC component of the probe current, which yields insensitiveness to the change
in the probe surface condition, in other words, stability of the measurement
even in a reactive plasma, which easily contaminates the probe surface. In
contrast to this, the time-varying component, particularly the RF component,
easily flows to the probe through the probe capacitance C, which is defined as
the capacitance per unit area between the probe electrode and the surface of
the insulating layer facing the plasma.

Regarding measurement in RF plasma, compared with the RF-compensated
Langmuir probe method, the most prominent feature of the insulated probe
method is that the probe electrode is kept at quite a low-impedance state with

respect to the ground level (virtually shorted to the ground) for the RF signal.
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The impedance between the plasma and the probe electrode consists of the
impedance of the probe sheath and the impedance of the probe capacitance
C. The impedance of the probe capacitance C' is generally very low at the fre-
quency of RF. For example, when the thickness and the dielectric constant of
the insulating layer are 10 um and 4, respectively, C' becomes about 360 pF /cm?
and its impedance becomes 33 Q (per 1cm?) at 13.56 MHz, which is considered
to be much smaller than the impedance of the probe sheath in most cases.
Consequently, the RF voltage between the plasma and the ground is princi-
pally applied across the probe sheath and an RF current easily flows into the
probe according to the RF potential oscillation of the plasma. This means the
potential of the probe insulating layer surface is almost constant at the time-
averaged floating potential Vg, so long as the potential of the probe electrode
is constant.

We assume the case when the potential of the probe electrode is changed in
a shorter time than the time constant 7, which is defined by

_O'¢e

T

(6.1)

and characterizes the time response of the surface potential of the probe insu-
lating layer. Then, the surface potential of the probe insulating layer deviates
from Vyy and the voltage across the probe sheath changes according to the
probe voltage. Consequently, the probe current is modulated by the probe
voltage. In eq. (6.1), ¢. (= kT./e) is the electron temperature of the plasma
measured in volts and J; is the ion saturation current (current density). By
analyzing the change in both the amplitude and phase of the RF component in
the probe current, the essintial parameters of RF plasma such as the electron
temperature, plasma density, time-averaged sheath voltage, and the amplitude
of plasma potential oscillation, can be estimated as presented in Chpater 4 and
5. 11-17)

In order to keep the probe electrode at a low-impedance state with respect
to the ground level, a characteristic feature of an operational amplifier was
used in the insulated probe method described in Chapter 2-5 as shown in
Fig. 2.1 in Chapter 2 and Fig. 5.1 in Chapter 5."'® Because of the “virtual

short” between two input terminals of the operational amplifier, which works
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as a current-to-voltage converter, the potential of the probe electrode is always
kept equal to that of the probe voltage supply. In order to minimize the
stray capacitance of the probe electrode in this probe system, it is necessary to
arrange the operational amplifier very close to the probe electrode. In practical
situations, however, this is not always easy to realize because of the geometrical
restriction of the plasma device.

Figure 6.1 shows a schematic drawing of the improved insulated probe
method using a transmission line, which is contrived in order to solve this prob-
lem.'"2D) A )\/2 transmission line is connected to the probe electrode. Here, A
is the wavelength of the fundamental component of the RF in the transmission
line. The probe voltage is supplied through this A/2 transmission line by a
low-output-impedance driver amplifier. At the midpoint of this transmission
line, i.e., at the A/4 point from the probe electrode, the line voltage is detected
by a high-input-impedance buffer amplifier.

As is well known, a transmission line acts as an impedance converter. We
assume that a transmission line of the length [ is terminated by a load, the
impedance of which is Zj,. Let the characteristic impedance of the transmission
line be Zy. Neglecting the loss in the transmission line, the terminal impedance
of the transmission line Z(l) is represented as
_, Zpcos(2ml/N) 4 j Zysin(27l/N)
~ Y Zycos(2ml/N) + jZpsin(27l /)

It follows that, when | = n - A/2 (n is a positive integer), the impedance

Z(1) (6.2)

measured through the transmission line Z({) is equal to that of the load Z.

probe current signal

high input impedance
buffer

low output impedance

probe driver

transmission line

/

termination
resistor f A4

A

A4 |

probe voltage

Fig. 6.1: Schematic drawing of insulated probe method using a transmission line.
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Then, the impedance observed to the right from the probe electrode is just the
output impedance of the probe voltage driver amplifier, which can be regarded
as almost zero (i.e., Zp = 0).

This is also true for the harmonics of the RF, the wavelength of which is an
integral fraction of A. Thus, the probe is kept at quite a low-impedance state
with respect to the RF signal and the RF probe current flows similarly as in
the case of the probe system in Fig. 2.1 in Chapter 2 and Fig. 5.1 in Chapter 5.

Further, we assume that a current source I, is connected to the terminals
of a transmission line of the length [ terminated by a load Z;. Then, the line
voltage V(z) and the current in the transmission line /(z) at the point where
the distance from the load is z, are represented as follows, respectively.

Zp cos(2mz /) + jZgsin(2mz /)

V(z) = Zols— - ) 6.3
(2) 0%z sin(2wl /) + Zy cos(2ml/N) (6:3)
JZ1sin(2nz /) + Zy cos(2mz/\)
I(2) =1, : . 6.4
(2) JZrsin(2wl/N) + Zy cos(2ml/N) (6.4)
In the case of a half-wavelength transmission line (i.e., [ = \/2),
V(z) = —IL[Z cos(2mz/ ) + j Zysin(2mz/N)], (6.5)
I(2) = _[stL sin(2mz /) + Zy cos(2mz /) . (6.6)
Zo
When Z; =0,
V(z) = —jZolssin(2mz/N), (6.7)
I(z) = —1I,cos(2mz/N). (6.8)
At the midpoint of the A/2 transmission line (i.e., z = \/4),
V(A/4) = —jZols, (6.9)
I(\/4) = 0. (6.10)

Let the RF fundamental component of the probe current be (I,), (measured
positive when it flows toward the plasma from the probe). Then, neglecting the
leakage current through the termination resistor, the fundamental component
of the line voltage at the \/4 point from the probe becomes jZy(1,).-

The resistance of the termination resistor can be equal to Zy, as long as the

probe impedance is much larger than Z,. Since the terminal impedance of
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the transmission line observed from the probe, which is equal to the output
impedance of the probe voltage driver amplifier, is much smaller than Z,
the current through the termination resistor is regarded as being negligible
compared with the current flowing into the transmission line. Consequently,
by detecting the line voltage at the A/4 point by a high-input-impedance buffer
amplifier, (,), can be measured as a voltage signal.

Even if the magnitude of the leakage current through the termination resis-
tor is not of negligible order, this leakage current does not directly affect the
measurement, because the value to be measured is not the absolute value of
(I,). but the relative change of the amplitude and phase of (1), on changing
the probe voltage in the insulated probe method.

The role of the termination resistor is to suppress the transient parasitic
oscillation when the probe voltage is changed abruptly, by terminating the
transmission line with a load approximately equal to Z,. The probe impedance,
which is connected in parallel with this termination resistor, is generally much
larger than Z, except for the case in which the area of the probe surface is
very large. When the combined impedance of the probe impedance and the
termination resistor is equal to Zj, the magnitude of the probe voltage becomes
equal to the output of the probe voltage driver amplifier independent of the
frequency.

With the application of the probe voltage through the driver amplifier, the
probe voltage signal is superposed on the probe current signal at the A/4 point.
In order to acquire the signal proportional to (I,)., the probe voltage should
be subtracted from the detected line voltage. Precisely speaking, the probe
voltage signal should be delayed by the time corresponding to 90° of the RF
fundamental component prior to the subtraction. An easier way to eliminate
the probe voltage signal is to couple the high-input-impedance buffer ampli-
fier to the transmission line with a small capacitance. By adjusting the time
constant of this capacitance and the input impedance of the buffer amplifier,
low-frequency components are effectively eliminated from the detected signal
of the line voltage. This easier way is effective when the frequency of the probe

voltage is much lower than the RF frequency.
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By the use of the transmission line, it becomes possible to place the probe
circuitry keeping a distance of A/4 from the probe electrode. This greatly
improves the flexibility of the geometric design of the probe system without

increasing the stray capacitance of the probe electrode.

§ 6.3 Experimental Comparison between Both Probe
Systems Using Operational Amplifier and Transmis-

sion Line

Availability of the probe system using a transmission line presented in the
previous section was experimentally examined, comparing with the conven-
tional probe system using an operational amplifier in Fig.2.1 in Chapter 2 and
Fig. 5.1 in Chapter 5.

The plasma device used in the experiment is that shown in Fig. 4.18 in
Capter 4 without the grounded aluminum mesh.

Figure 6.2 shows the schematic of the probe system using a transmission line
in this experiment. A Teflon insulated semi-flexible coaxial cable is used as the
transmission line. The characteristic impedance of this cable is 50€2. The
total length of the transmission line is adjusted to A/2 to show the minimum
impedance at 13.56 MHz when the other end is short-circuited. Theoretical
A/2 calculated from the nominal value of the wavelength reduction ratio (70 %
in this case) is 7.74m for 13.56 MHz and the measured impedance showed a
minimum value at this length. The termination resistor at the probe electrode
is 50 Q2. Two A/2 cables are equally driven by the low-output-impedance driver
amplifier. One is connected to the probe and the other is a reference line ter-
minated by a 50 2 load. The voltage at the midpoint of each cable is detected
by a buffer amplifier. The probe current signal is obtained as the difference
between the outputs of the two buffer amplifiers. An easier way for the elim-
ination of the probe voltage signal by coupling through a small capacitor was
also attempted and yielded similar results.

The probe circuitry for the probe system using operational amplifier is similar

to that described in Fig. 4.25 in Capter 4.'%)

177



high speed probe current signal
buffer
probe low output impedance
/ 100023 / driver

|?: ) )
LN & hd
\ . 100Q 2 probe voltage
termination
resistor _|_|_ /ﬂvﬂv
(50Q)
5003
)] )
500 {,,;, I T

®)
probe voltage signal
(inverted)

A4 >« A /4 |
| ! !

Fig. 6.2: Schematic drawing of the probe system using transmission lines used for the ex-

periments.

Figure 6.3 shows examples of the amplitude spectrum of the detected probe
current signal in both probe systems using (a) operational amplifier and (b)
transmission line. The RF power (13.56 MHz) was 10 W and the Ar pressure
was 6 Pa. The probe current signal contains many harmonics as seen in Fig. 6.3.
However, the amplitude of even number harmonic components is reduced in
Fig. 6.3(b), compared with Fig. 6.3(a). Moreover, the higher harmonics are
generally weakened in Fig. 6.3(b).

Applying a square pulse voltage to the probe, the amplitude change and the
phase shift of the fundamental component in the probe current signal at the
pulse edge were measured. The same probe was used in two probe systems by
just changing the connection at the probe electrode. The discharge condition
was also the same throughout the experiments [RF power : 10 W, gas (Ar)
pressure 6 Pal. Figure 6.4 shows the results of the measurements by two probe
systems. In Fig. 6.4 (b), phase delay is plotted as a positive value. The
horizontal axis represents the deviation of the surface potential of the probe
insulating layer at the pulse edge from the time-averaged floating potential V.
To the right of the center of the graph, the magnitude of the voltage change
at the positive pulse edge is marked and that at the negative edge of the pulse

178



—

=)
I
|

Amplitude

—_
(e
o

0 100 200 [MHz]
10 g T T

(b)

—
=)
(=]
T
|

Amplitude

—_
(e
o

107 100 200 MiZ]

Frequency

Fig. 6.3: Example of amplitude spectrum of the probe current signal; (a) using operational
amplifier, (b) using A/2 transmission line. RF power 10 W, pressure 6 Pa, 13.56 MHz Ar

plasma.
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Fig. 6.4: Amplitude change (a) and phase shift (b) of the fundamental component in the
probe current signal at the pulse edge measured by both insulated pulse probe systems, that
using an operational amplifier and that using a transmission line. Dependence upon the

amplitude of pulse voltage. RF power 10 W, pressure 6 Pa, 13.56 MHz Ar plasma.
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is marked to the left of the center. The data obtained by both probe systems
show good agreement. This confirms that the use of a transmission line is
effective for measurement by the IPP method.

A similar comparison was performed using a sinusoidal probe voltage (the
IMP method). The amplitude and phase of the sidebands of the modulated
probe current signal were calculated by Fourier analysis of the waveform. Fig-
ure 6.5 shows the results of this measurement. The RF power is 10 W and Ar
pressure is 6 Pa. In Fig. 6.5, p and w are the angular frequency of the probe
voltage and the RF, respectively. The ratio of the amplitude of the primary
sidebands (I,,),+, to that of the fundamental component (1,),, is plotted versus
the normalized modulation frequency p/w. The values obtained in the probe
system using an operational amplifier are slightly smaller than those obtained
using a transmission line, but the difference lies within the acceptable range
of measurement error. The amplitudes of the sidebands seem almost constant
in the region of p/w < 0.1. At the larger value of p/w, the amplitude of the
upper sidebands increases and the amplitude of the lower sideband decreases
as p/w increases in the case of using an operational amplifier. On the other
hand, both amplitudes decrease in the case of using a transmission line.

In Fig. 6.6, ¢’ calculated from the initial phase of the fundamental component
and those of the primary sidebands is plotted versus p/w. ¢’ is the angle
between the phasor of the fundamental component in the probe current m
and the phasor of its variation d(.l—p)w> as shown in Fig. 6.7.'7 In the range of
p/w < 0.1, the values of ¢’ obtained by both probe systems are almost constant

and in approximate agreement.

§ 6.4 Discussion

As shown in Fig. 6.4, the data obtained by two probe systems show good
agreement in the case of the IPP method. This supports the assumption that
the \/4 line surely acts as a probe current to voltage signal converter and that
a measurement equivalent to the measurement by the probe system using an

operational amplifier is possible, by the use of a transmission line.
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In the case of the probe system using an operational amplifier, the sensi-
tivity of the current-to-voltage converter can be easily adjusted by changing
the resistance of R in Fig.2.1 in Chapter 2 and Fig. 5.1 in Chapter 5. On
the other hand, in the case of using a transmission line, the sensitivity of the
current-to-voltage conversion is determined by the characteristic impedance of
the transmission line as seen in eq. (6.9). In the experiments described in the
previous section, R is 3002, which is sixfold Z, of the transmission line used
for the experiment. Generally, characteristic impedance of RF coaxial cables
is limited to about 1002 at most. Consequently, the probe system using a
transmission line has a disadvantage from the viewpoint of sensitivity of probe
current detection. However, this disadvantage can be easily compensated by
expanding the surface area of the probe. A differential sensing technique using
two probes of the same dimension would also be effective for improving the
sensitivity of the measurement.

In the case that a higher characteristic impedance cable is used to improve
the sensitivity, only one half of the transmission line, i.e., the \/4 part be-
tween the probe electrode and the current signal detection point, has to be a
high-impedance cable. The sensitivity of current detection is determined by
the characteristic impedance of this part. Even if the remaining part of the
transmission line is an ordinary 50 {2 cable, the difference of the characteristic
impedance does not affect the sensitivity. Practically, however, it is desirable
that the whole transmission line has the same characteristic impedance in or-
der to avoid the parasitic effect due to the reflection of signals caused by the
impedance miss-match.

The length of the transmission line between the probe electrode and the
current signal detection point is not restricted at A/4. The length of A/4+n-\/2
equivalently works. Here, n is a positive integer. For a higher RF frequency,
A becomes shorter. In such a case, by adjusting the number n, the geometric
configuration can be flexibly designed. However, the loss in the cable must be
taken into account for a larger value of n.

In the probe system using a transmission line, a low impedance state of

the probe is yielded by the resonance effect of the A/2 transmission line. The
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finite length of the transmission line leads to a side effect of the selectivity in
the frequency response. The probe current signal is detected at the midpoint
of the transmission line. This point becomes the half-wavelength point with
regard to the second harmonic component. Similarly, with regard to the 2n-th
harmonic component, A/4 of the fundamental component is equal to n times
the half-wavelength. Therefore, even number harmonic components in the
probe current do not appear as voltage signals at the midpoint as understood
from eq. (6.3). In other words, this current detection method naturally has a
filtering effect against even number harmonics. This is confirmed by Fig. 6.3.
Since detection of the fundamental component is only required for measurement
by the IPP method, this property is advantageous from the viewpoint of noise
suppression.

However, this filtering effect becomes rather disadvantageous in the IMP
method, in which not only the fundamental component but also the upper and
lower sidebands in the probe current signal must be detected.

Let the normalized modulation frequency be §. § = p/w for the primary
upper sideband and 6 = —p/w for the primary lower sideband. The apparent
impedance of the short-circuited \/2 transmission line becomes not zero but
jZotan(md) for these sidebands. In addition, for these sidebands, the detected
signal at the midpoint of the transmission line is multiplied by a factor of
cos(md/2)/[cos(md) - (1+ 7 tan(md))]. This is considered the principal reason for
the amplitudes of the sidebands measured using a transmission line decreasing
at the region of larger value of p/w in Fig. 6.5. The broken line in Fig. 6.5 shows
the dependence of cos(md/2)/[cos(md)- (147 tan(md))]. As for the measurement
of ¢/, even when § is not zero, determination of ¢’ is not affected in principle,
because the phases of the primary upper and lower sidebands shift equally in
magnitude and oppositely in sign. In Fig. 6.6, the experimental data increase
slightly as p/w increases but seem almost constant in the range of p/w < 0.1.

On the other hand, the modulation frequency (the frequency of probe volt-
age) p must satisfy the relation of p > 1/7 in the IMP method. Here, 7 is
the time constant of the surface potential change of the probe insulating layer

given by eq. (6.1). Therefore, the modulation frequency should be carefully
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chosen in the IMP method using a transmission line.

The reasons for the increase of ¢’ becoming large in the range of p/w > 0.1
in Fig. 6.6 and the amplitudes of the sidebands measured using an operational
amplifier diverging in the range of p/w > 0.1 in Fig. 6.5 are unclear. In the
case of such a higher frequency of the probe voltage, the inertial motion of
ions in the probe sheath is considered to be significant for the response of the
sheath to the probe potential change.

When p is chosen to be an integral fraction of w, it is possible to adjust the
length of the transmission line to be a common multiple of half-wavelengths of
the fundamental component and the sidebands in order to make the apparent
impedance zero for all these components and to avoid the above-mentioned
effect. For example, when p = w/5, the total length of the transmission line
can be five times the half-wavelength of the fundamental component, which is
four times the half-wavelength of the primary lower sideband and also is six
times that of the primary upper sideband. As a result, in this case, the total
length of the transmission line should inevitably be very long and the loss in
the transmission line should be taken into account. In addition, there comes
a natural problem in that the spectrum of the harmonics of the probe voltage
signal easily overlaps the spectrum of the lower sideband.

In the case of the experiments shown in Fig. 6.5 and Fig. 6.6, the time
constant of the probe current response 7 was measured about 50 us. 7 can
also be represented approximately as C/(go/Ap) - (1/wpi). Here, wy,; is the ion
plasma frequency. This means that 7 is generally much larger than 1/w,,
which is an index of the responsiveness of ions in the sheath. In Fig. 6.5 and
Fig. 6.6, the obtained value seems approximately constant in the wide range
of p/w < 0.1. For example, in the case of p/w = 0.01, the frequency of the
probe voltage is 135.6 kHz, which satisfies the relation of p > 1/7, which is the
required condition for the IMP method. On the other hand, since the plasma
density is on the order of 10%cm?, the ion plasma frequency is about 1 MHz. It
follows that the speed of the change of the probe voltage is much slower than
the time response of ions in the sheath in this case. Nevertheless, the result

of the measurement is similar to that at larger p/w (in the range of < 0.1).
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This means that the IMP method is still valid for a modulation frequency
much lower than the ion plasma frequency. This corresponds to the fact that
the uniform ion distribution model represents the property of displacement
current that flows to the probe well as described in Chapter 4.'%)

From the viewpoint of sensitivity of probe current detection, the method
using an operational amplifier is a direct method and is superior to the method
using a transmission line as mentioned above. From the viewpoint of practical
application, however, the important advantage of using a transmission line, in
addition to the flexibility of the geometric design, is as follows.

In the case of current detection by operational amplifier, the probe electrode
must be directly connected to the input terminal of the operational amplifier.
This means that the plasma, which consists of a mass of electric charges and
contains various noises and electric oscillations, comes in contact with the input
terminal of a semiconductor integrated circuit only via a very thin insulating
layer. This is not a desirable situation at all from the viewpoint of circuit
protection. On the other hand, in the case of using a transmission line, the
probe electrode is connected to the output terminal of the probe voltage driver
amplifier, which is much less sensitive to excess current or surge voltage than
the input terminal of the integrated circuit. It is easy to provide an input
terminal protection to the buffer amplifier for the probe current detection at
the A/4 point. Consequently, the probe system using a transmission line can
be excellent with respect to endurance against unexpected large signals, which

is an important property for practical usage for actual process monitoring.

§ 6.5 Summary

Both insulated probe systems, that using an operational amplifier and that
using a transmission line for probe current detection are experimentally com-
pared in argon RF plasma. It has been shown that both probe systems enable
almost equivalent measurement. However, in the case of the IMP method,
the frequency of the probe voltage p should be sufficiently lower than the RF

frequency (p/w < 0.1) in order to avoid error.
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By the use of a transmission line, the flexibility of the geometric design
of probe system is greatly improved and endurance against an excess probe
current or a surge voltage is reasonably expected to be also improved. By this
improvement, the applicability of the insulated probe method to actual process

monitoring has been greatly enhanced.
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Chapter7

Conclusion

A novel measurement method suitable for monitoring processing plasmas has
been presented, which is named the “Insulated Probe Method”. In Chapter
2, the basic concept of this measurement method has been described on the
assumption of no plasma potential oscillation. In this method, the probe elec-
trode is originally covered with a thin insulating layer and the probe current
response is measured, on applying a time-varying voltage, such as a square
pulse, to the probe. The insulated probe method using a square pulse volt-
age is named the “Insulated Pulse Probe (IPP) method”. The probe current
takes positive and negative peak values at the pulse edges of the probe voltage.
The electron temperature can be immediately calculated from the ratio of the
magnitudes of these peak currents. A measurement of these peak values of
the probe current, with changing the pulse amplitude of the probe voltage,
is substantially equivalent to the measurement of the probe I-V characteris-
tic around the floating potential by the conventional Langmuir probe method.
Then, a similar measurement to the conventional Langmuir probe method is
possible by this method.

A characteristic feature of this method is that the electronic circuit for the
detection of probe current is contrived to keep the potential of probe electrode
always equal to the potential of the probe voltage source. In other words, for
an AC signal, the probe is kept at quite a low-impedance state with respect to
the ground level. On the other hand, because of the existence of the insulating
layer, the DC resistance between the probe electrode and the plasma is natu-
rally extremely large. Therefore, even if the probe surface condition changes
due to contamination of the probe surface or other reasons, the change in

the magnitude of this resistance is substantially negligible. This provides sta-
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bility in the measurement, even with the existence of reactive species in the
plasma. The superiority of this method compared with the conventional Lang-
muir probe method has been experimentally demonstrated in Chapter 3, using
plasmas containing oxygen and methane, respectively.

The assumption of no plasma potential oscillation in Chapter 2 and 3 is con-
sidered to be valid in the plasma generated by DC discharge or microwave dis-
charge without any instability that causes a potential fluctuation. In RF gener-
ated plasmas or plasmas using RF power for, e.x., substrate biasing, which are
widely used for various kinds of plasma processes, an RF component is caused
in the probe current because of the plasma potential oscillation according to
the RF voltage, because the probe is kept at a low-impedance state for AC sig-
nals. On applying a time-varying voltage to the probe, the changes in both the
amplitude and phase of the RF component in the probe current are observed.
Analysis of these changes based on a simple sheath model and the numeri-
cal calculations showed approximate agreements with the experimental results
measured in Ar RF plasma (13.56 MHz), which were described in Chapter 4 us-
ing a square pulse voltage as the probe voltage. By this measurement method,
the essential parameters that characterize the RF plasma, such as the electron
temperature, plasma density, time-averaged sheath voltage and amplitude of
plasma potential oscillation, can be estimated. The equivalent measurement
is also possible using a sinusoidal probe voltage, which has been described in
Chapter 5. In this case, the modulation of both the amplitude and phase of
the RF fundamental component in the probe current is observed. Hence, this
method is named the “Insulated Modulation Probe (IMP) method”.

In Chapter 6, it has been shown that, by using a transmission line instead of
the electronic circuit for probe current detection, the equivalent measurement
is possible in RF plasmas. In this configuration of the probe system, the probe
voltage is supplied through a transmission line, the length of which is equal
to the half-wavelength of the RF fundamental component, which provides the
low-impedance state of the probe electrode for the RF component. The probe
current is detected at the midpoint of this transmission line as a voltage signal,

which makes it possible to keep a distance of quarter-wavelength between the
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probe electrode and the electronic circuit. This greatly improves the flexibility
of geometrical design of the probe system and is markedly profitable for the
practical application to monitoring the processes using RF plasma.

The insulated probe method presented in this thesis provides a solution for
the most fatal problem inherent to the Langmuir probe method concerning the
practical application to monitoring processing plasma. This method possesses
both the stability of measurement and the strong points of the Langmuir probe
method, such as the abundance of information of plasma and the simplicity
of required equipment. Then, concerning the measurement of the electrical
property of processing plasma, this method can satisfy all of the requirements
(A1)—(A5) described in Chapter 1 and become a useful method for monitor-
ing practical processing plasmas. In order to totally understand the plasma
by also measuring other two properties; chemical property and fluid dynamic
property, it is necessary to use other adequate measurement method together.
The plasma monitoring technique using the insulated probe method would be
able to contribute to the progress of the industrial technologies through the
improvement of the performance of plasma processes.

Concerning the condition (B3) mentioned in Chapter 1, however, there is
a remaining subject to be further investigated. Processing plasmas generally
contains various kinds of ions. In particular, negative ions exist in the plasma
in many cases. The effect of this on the measurement has not been discussed
in detail in this thesis. The probe measurement is essentially dependent upon
the sheath structure around the probe. The electric charge and mass of ions
have the primary importance on the determination of the sheath structure.
Therefore, the existence of various kinds of ions naturally has an influence on
the probe measurement. Phenomena related to this subject have been reported
in refs. 130-132 in Chapter 1 and imply the possibility of acquirement of the
information that characterizes the composition of ions in the plasma. Further

details on this issue are the subjects of the future work.
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Fig. 2.1: Schematic drawing of the IPP method.
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Fig. 2.8: Schematic drawing of the electronic circuit for the measurement.
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Fig. 2.9: An example of the measured waveform. Ar DC discharge plasma. (upper trace:
applied voltage, Ey = 3V; lower trace: current response, 50 4A /DIV; time: 2ms/DIV).
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Table 2.1: Electron temperatures calculated in various manners.

From From From

Pressure I,-Ey ratio I; /I (eq.16) decay time constant 7
dependence (without correction) (with correction) (eq.7)
0.15 Torr 0.9eV 1.4eV 1.0eV 1.1eV

0.1 Torr 1.2eV 2.2eV 1.3eV 1.4eV
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Fig. 2.11: Comparison between the I-V characteristics obtained by the IPP method and

by the conventional Langmuir probe method. (IPP method: ceramic-coated wire probe,

length 50 mm, diameter 1 mm, Langmuir probe: platinum wire probe, length 1 mm, diameter

0.4mm).
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Fig. 2.12: Schematic drawing of the cross-section of the silicon wafer probe.
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Fig. 2.14: Schematic drawing of cross-sectional view of the wafer-stage with a buried backside

electrode to use the wafer under process itself as the probe.
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Fig. 2.15: Example of waveform of the probe current response obtained in the configuration

shown in Fig.2.14

46



gooboboooooboooboIlppPOb0bOobOo0bObODOODO
gbobbooodgobbuoooobbboo

gbooobuoodgbobobbobbuoobbuoodgbooobbabboo
gbbogdgbbuogboboobuooguoobobobbuoobboodobbao
OOobo0booboobooboos310b0bogooboooobooooogon
Urogdgbbboodbbbuooobbbdooobobbuoodb-sLbbboo
gobdooodoodobddobdd o, 00000000004000o0000
obobooboboboooboooboobob 240000000000
gbobobouooobbooooobbboo

6240 00000000000000000 70000 200ns000000
Ooo0oooo 1 em®00000000000 (238)00000000
00000008233000000000 (233)00000000OO0O00O
gbbogdgbboodgbuooobbogbbodgbbodbobboobboo
00000000000000 (233)0000000000OO00ooooon
Doobdbdooobobodbdbdio o, dbubboobodabaoooodn
000000000000000000000D0 (238)0000000000
000000 ¢, 0000000000ODO (234)0000000OD0O 1/5000
000000000 (23800 (237) 000000000000 DOOOOOO
0082400000000A~0.0100007/7, 5000000000 (2.34)
OO0000On >»2000000000000823200000000000
000 Ig0000bobgoobooboboobobooooboood
oobobobod I,,boobuoooobboooooboboboobobo
gboboggbbouogbogbbdbbooobogobbuooboobobgao
gbooobogoobdbobodbbooobogobobuoobbobbao
gbobobbooooobbobobooooobobobbboodoooobobobbod
gbobooogobboooobboboooobon

Oob0oO0ds 4000000000000 00DO00ODOUODOODODOODO
oobooobooboboobooobOooooooooooboorPUobbOOoDbDOO
gobobbobboogogbobbbbbdooooobbbbbouoood
gbobogboboobooobbuoobbuooboboooboooboogoo
oboogboooobooboooobuoobobooboobobooobo £0 VO
gbobooggbboooobbobobuoogbooobboobboobboon

47



gbboouoooon

220 00000000000 0DO0OODOOV,ODO00DO00D0000DCO
OOoooooboobooooboobobobobobooobs2400000000
bCOOObOOobOooboobOobobooooboboobooooboboooonoo
OoobO0RrFOO0O0OOODOOOODOOOV,0RFOOOOOOODOO
gobobooobobooobobooboobobooRFO0U0LOObDOO
oboboobobobobobuooobo RrRFOO0ODOOO0ODODOOODOO
gboboggbbdobbdoobbbogbboobbouoobbobodbbao
gbobobdobudbodgbobboboobuogboobobboboobo

§ 2.7 ODOOOOO

gbboodgboogbooobboobbobooooobboobboo
obooboORFOOODOO0OOO0ODOOOOOOOOODOOODLODOODLODO
gobbbbbbbbbboddooooooooooobobb—0buauaogo
obhoboboobuooboooboooobooboobgooIpPmoog
gob—booooooooooobobobbbobobbbbbouoduuogo
gboobodgbbobobuogobbuooobooobbuoooboboonoo
gboobooggbobogbogobbogoobooobbuooobobooonoo
gboogobobbbbooboogobuog-buogboboobbobuoooo
ooooooobobuobooobobooooboborlpPobobboobO
gbooogboooobooogbbooobobobbooobbooboon
gbooooogn

gboboogdgbboogouogobogbuoobooboobbooboboo
gbbogdgboouoobboodbboobbooobooobbabobgo
gobogdobbuoogbobooboboodboobuoobbuooobbgo
gbogobuogoboogobbuogoboogbboboobooobbgo
gbobobuooogoboooooobon

gboobooggbbuogbuogobbooboodobboobobooobbad
gbobogdgbbodgbboobboobodgbbooobooobooboboo
gbobboooggbboboogobboooobobbooobbbooonboon
gbobooogobboooobboboooobooo

48



References

[1] G. Wehner and G. Medicus: J. Appl. Phys. 23 (1952) 1035.

[2] T. L. Thomas and E. L. Battle: J. Appl. Phys. 41 (1970) 3428.

[3] S. Yamaguchi, G. Sawa, and M. Ieda: J. Appl. Phys 48 (1977) 2363.

[4] L. Kato, T. Sakamoto, and T. Shimoda: Jpn. J. Appl. Phys. 33 (1994) 307.
[5] R. A. Olson: J. Appl. Phys. 43 (1972) 2785.

[6] J. G. Simmons, G. S. Nadkarni, and M. C. Lancaster: J. Appl. Phys. 41
(1970) 538

[7] J. F. Waymouth: J. Appl. Phys. 30 (1959) 1404.

[8] R. M. Clements, B. M. Oliver, and P. R. Smy: J. Phys. D: Appl. Phys. 10
(1977) 2213.

[9] T. Okuda: Kakuyugou Kenkyu 10 (1963) 47 [in Japanese].

[10] H. D. Wokdéck, H. Bradaczek, and P. Denzer: J. Phys. E: Scientific Instru-
ments 10 (1977) 86.

[11] V. A. Kurnaev, A. M. Litnovski, V. B. Petrov, T. A. Staina,
B. I. Khripunov, Yu. V. Chernyat’ev, and V. V. Shapkin, Jr.: Instruments
and Experimental Techniques 42 (1999) 722.

[12] G. Chiodini, C. Riccardi, and M. Fontanesi: Rev. Sci. Instrum. 70 (1999)
2681.

[13] T. Sakaguchi and R. Itatani: Kakuyugou Kenkyu 1 (1958) 432 [in

Japanese].

[14] M. Deguchi and R. Itatani:Proc. 15th Symp. Plasma Processing, Tokyo,
Jan. 1996 p. 447.

49



[15] M. Deguchi and R. Itatani: Ext. Abstr. (56th Autumn Meet., 1995) Japan
Society of Applied Physics, 26p-M8 [in Japanese].

[16] T. Okuda: J. IEE. Jpn. 83-11 (1958) No. 902 1922 [in Japanese].

[17] R. W. Carlson, T. Okuda and H. J. Oskam: Physica 30 (1964) 182.
[18] T. Okuda, R. W. Carlson and H. J. Oskam: Physica 30 (1964) 193.
[19] H. J. Oskam, R. W. Carlson and T. Okuda: Physica 30 (1964) 375.

[20] M. Deguchi and R. Itatani:Proc. 3rd Int. Conf. Reactive Plasmas and 14th
Symp. Plasma Processing, Nara, Jan. 1997 p. 237.

[21] M. Deguchi and R. Itatani: Ext. Abstr. (44th Spring Meet., 1997) Japan
Society of Applied Physics and Related Societies, 28a-SQ2 [in Japanese].

[22] M. Deguchi and R. Itatani: Ext. Abstr. (43rd Spring Meet., 1996) Japan
Society of Applied Physics and Related Societies, 29a-C1 [in Japanese].

[23] F. W Crawford and R. Grard: J. Appl. Phys. 37 (1966) 180.

[24] M. Deguchi and R. Itatani:Proc. 15th Symp. Plasma Processing, Hama-
matsu, Jan. 1998 p. 298.

[25] M. Deguchi and R. Itatani: Ext. Abstr. (57th Autumn Meet., 1996) Japan
Society of Applied Physics, 9a-Q1 [in Japanese].

[26] M. Deguchi and R. Itatani: Ext. Abstr. (59th Autumn Meet., 1998) Japan
Society of Applied Physics, 17p-S18 [in Japanese].

[27] M. Deguchi and R. Itatani: Ext. Abstr. (46th Spring Meet., 1999) Japan
Society of Applied Physics and Related Societies, 31a-D10 [in Japanese].

50



Chapter3

Jobooobooooooboooooobooboboood
oooon

§3.1 00000

gboboogbdobbodbbuoobobooobooooobboobboo
gbobbbooooogbbbbouoooobobbbbodooooobbbboo
gbbogdgbbogbuooobboobboboobboobboobboo
gbogbobuogobboobbooboobbooboobbuoodbbao
gbobooooobboooobboboogobobuooonboon

gboboggbobbodbbuooobooobooobooboonooboo
gbobogdgbogbbogobbobobobbooobbuoobbbooobbao
googouoobbobbobbbboodooooououoooobobbbodoo
gbobooobboodgbbooobooboouobboob-ooobboao
gboboobouooooobobboooooobbobooooobbobobbod
gbogdgbbogobooobbouobobooobbuoobboboboo
gboboggbudgogbbogboodb-obobodboobbuodgboo
gbogdgbbuogobooobogbboobbuogoobbooobogao
OOoooboobOobobooobooooooboobobooboob evboooo
gbogdgbbodgboogobboogbobbogbboobbooboboo
gbooooogn

gbobogudobbuodbbuoooogbooobboobboonooboo
OOobO0o0oboooooboooobOooboOoboooboobogs33ooon
ooobobooooorlpPOboobobobobooboobobonood
OOooOobOoboooorrPOO0ODOOB40000000O

51



§3.2 D0OUOO0OODDOODDOOOOODDbDOOOO
3.2.1 0O0O0ODOOOODOOOOOOODOOODO

IpPOOOOOOOOODOO 2100000000000 00O0DO0ODOOODOO
gbogbodgbobooboboobobuodgbgbodboooobonbo
gbbooggobbboooobbboooobobouooobbbog 21
gbobogdgbboodgbboboogboodbbuooobooobooboboo
gboboogdgbobuogooobbobboobobooobbuooboobobao
gbobooggbbuggbogbbooboboobogobboobboon
gbogobbodoboobooobuooboobboboobobooooon
gboooggbbuoggbogbobbobobooogboboboobbooboon
000000000000 00000000-0000000000Y0

C-4.
J
ODooocooboooooboooboooooobobooooobooboooooOoo
Ooboobooooobooooooooboobbde. boboboooonon

00000000 (=kT./e)D000;,00000000000000
gbotobobodgbooboobdobobobooboboob 3104004

ooboooooobooooooboobodb0obbOoobboobbocoo

Eolr
= i 2
C="2 (3.2)

gobbbobbD0e U000, 0D0000O00O0O0OODOODOODOOOOOO0

oboooobooo-ooboobuodoboo-goboobooboobo

gbobbooooobbooooboboooobobuoooobbon
Oo00c,00000000000000b0o0o0o0o000000000d

£o€
C = Z—f. (3.3)
f

O000e0d,000000D00O0O00000O0O0O0O0O0O0CO0O
0000000000000000000000000000000%00
ooooooodo 320000000000000R, 000000000
gbbouodoobbooodobbboooob
oooov,0ooboooodgoodgooaoyv,gbooobooobooon
goodoooooodooboogoooooav,boyv,ggooooooood

T =

(3.1)

52



Insulating Layer
Probe Electrode l Contaminating Film

G Plasma

df‘_

Fig. 3.1: Model of cross-sectional configuration of probe with existence of contaminating film

on the probe surface.

Fig. 3.2: Electrical equivalent circuit of probe with contaminating film on the probe surface.
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Fig. 3.3: Probe current response after positive pulse edge calculated for (a) 7 = 107*s,
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Fig. 4.2: Dependence of the amplitude of fundamental component of the function exp(—a/j3-
coswt) on a/. The approximated function 1/28/7a - exp(a/f) is also plotted.
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Ion Density 3

Under the assumption of step-like electron distribution,
electrons in the gray region (

) are neglected.

N=Mw

Fig. 4.5: Schematic drawing of ion density distribution and potential distribution in sheath

region.
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Fig. 4.8: Calculated relationship between |d(J,)w/(Jp)w| normalized by |dVy/Vo| and a.
w/2m = 13.56 MHz. Circle in the middle graph shows the experimentally measured data at
50 W of RF power shown in Fig. 4.30.
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Fig. 4.9: Calculated relationship between |df| normalized by |dVy/Vo| and a. w/27 = 13.56
MHz. Circle in the middle graph shows the experimentally measured data at 50 W of RF
power shown in Fig. 4.30.
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Fig. 4.10: Calculated relationship between 6 and «, when ng = 10%cm=3. w/27 = 13.56
MHz. Circle in the middle graph shows the experimentally measured data at 50 W of RF
power shown in Fig. 4.30.
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Fig. 4.11: Calculated relationship between 6 and «, when 8 = 0.1. w/27 = 13.56 MHz.
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Fig. 4.12: Apparatus used for the measurement of the relationship between Jy;s and a.
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Fig. 4.15: Apparatus for the measurement of the waveform shown in Fig. 4.16 and Fig. 4.17.
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Fig. 4.16: Example of waveform of the probe current in the case of RF plasma. Amplitude
of pulse voltage is 3 V. RF power ~ 1 W (discharge is assisted by DC voltage). [upper trace:
applied voltage 2V/DIV, lower trace: current response 500 pA /DIV; time: 0.1 ms/DIV]
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Fig. 4.17: Example showing the phase shift and its decay at pulse edge. The value in
each figure shows the time which has passed after the positive edge of the square pulse.
Vertical axis and horizontal axis represent the probe current signal of the pulsed probe and
that of the reference probe, respectively. Rotation direction of each Lissajous plots was
counterclockwise, which shows that the pulsed probe signal lags behind the reference probe

signal.

103



gbbogbobuooouoobbooobodobbooobooobbuooboo
DoooooooooooRFOODOO3WOOOOOODOOOOOOOOO
O0000D0000Ar000D0 7Pa00000O 41700000 0OODOOO
gbbuooobbuoogbbubbbuoooboobooobbooobobo
gbbboboooooobbbbbouooodbbbbbodooooobbbbod
00000 8V)DOODODODOO0OO0O0OO0OO0DO0DO0DO0DO0O0oooooooooooo
Oo0ovrvgobooboobooobobdbouoboboboooooooogo
gbbogdbbodgooobooobboodobbuooobooboobboo
gbboogdbbuogobooobbdobboobbooobbuoobodobboo
gbbogdgbbobooobooobboobbuooobooobobboo
gbobobouoogobbooooobbboo

OoobobOoRFODOOO0OOODOOODOOOOODOO 418000
gboobooobboobbdbboobobobbuoobbobodbbao
gbobogbobooudgboboobobodbdD 110mmddd 80mm
o000l 7"ommd00dob0O000 REFODOOO0OODOO0O0O0ODODOO
gobodooooouobobbbbdooooouoouoobobbbbbooodgo
gbbogdgbbuogboboobuogbbodboobbuoobbdabbao
6pm 000000000 0OOO0O0OO0O00OOO0O0bOOOo00bbOo0n
gbobbbuoooobbbbuooooobobbbbodooooobbbboo
oobobooob0o RFOODO0ODOOOODOOOOODOODOOODOOODO
gbbooodgobboodn

0 419(2) 000000000 RFODOOOODODDOOOOOOOOO
0000000000000 000Q00o00 419000000000 0Q
0000000000000 00000000000000 4.19b)0000
gobbobbobobobbobodgooooob 419000000000000
boooooo0ooddodooooodooodgoo vpbooooood
ObOoboo0oOoRFOODOOODOODOODOODOODOODDOODDODODO
O 500MS/s00 0000000000000 0O0O0OODODOOOOOOOOO
O00000A/DODOOOOOO8htOO00O0OON0OOO0NODOOOO0On
RFO 100000000

OoobooobRFOOOOO0OO0ODOOOODODOODOODODOOD
gobobobbbbobboudgooooooon 4190000000000

104



matching 13.56MHz
network RF generator

Ar

% RF electrode ﬂ

/
| |

e 0mmo—————

Pump

(aluminum mesh)

< 110mm¢$ >

insulated probe
(16mm®)

111

Teflon insulation to probe circuitry grounded vessel

Fig. 4.18: Apparatus for the measurement of data shown in Figs. 4.19-4.23.
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different magnitude of pulse with the grounded mesh.
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shift after positive pulse edge for different RF power.
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Fig. 4.24: Schematic configuration for measurement of the phase angle of plasma potential

oscillation 6.
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to probe R
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Fig. 4.25: Circuit for detecting probe current and voltage, which is contrived to minimize
the error in phase difference between current signal and voltage signal.
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Fig. 4.26: Transition of (.J,). and phase angle between (.J,)., and probe voltage.
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[arb. units]
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Fig. 4.28: Dependence of phase angle of the plasma potential oscillation & on RF power.
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Fig. 4.29: Relationship among the values to be measured and the values to be obtained in
the IPP method in RF plasma.
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Fig. 4.30: Results of calculation of each parameter based on the analysis in §4.2.1, using
data shown in Fig. 4.19 (without grounded mesh).
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Fig. 4.31: Results of calculation of each parameter based on the analysis in §4.2.1, using

data shown in Fig. 4.21 (with grounded mesh).
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Fig. 4.32: Effect of the stray capacitance on the measurement of 6.

126



O 4120000000DCOO00O00O0O00OO0OORFOOOOOODODO
gbobobdobuodbdodgbobbobuodbuogboobobboboobo
Oobooooboobobooooobooboboooboooboobooos4.3bgon
oboboobobobboobooon1356MHzO0 REODOODODOOOO
oboogboooobdo 410000000000 000DL00O0O0O0O0OREFO
gboodgbbodgbboobbobbodbbuooobooobobboo
gobobobobobobobobobooooboubobOobO0ObORE
gbbogdgbobooboooboodgbbodobbuooobobbodobboon
gbogboodgbbdoobuogobboobbobbuoobbuoodbbao
gbobooogobboooobobboooobbbogo

gboboodgbobooobobbuooboboooboooboooboodobo
gbboodgboobbdoobbuoogbbodobbobbuoobodobboo
gbgbogogbobuodgobobobobobuoooobobobobobad
gbboogdgbbodgbbuoobbooobobbuoooooboodoboboon
gbbogdgbbodgbboboooboodobbuooobobobodobboon
gbodbbaobooobbooobooobuobboboobboon
gbboodgboobooobbuoobbuooboooboobbooobboo
gboobogdbbdooobugbodobbooobobbuoodbbao
gboobbodgbbdobbuoobbodoboobbooobodobbao
gbobbogobooobooobboodobbuooooobobooobboon
0000O0%%0000000000000000000000000000
gbobbdogobooobbooobboodbbuoooboooboogbo
gbobobboboooogobbbouooogobbobbouoooobbbbod
gbobogdgbboodgbbobboogbbodbbuoooooboooboboo
gooo

§46 000000O

IPPO0ORFOOOOOODOOOODODOODODOODLDODbDOODO
gbbooougbobodgboodgbboobboobbuoobboobboo
OoooobodgRFOOO0OOOOODOOODOOOLOOOOODOOOOO
gbbogguoggbogobooobbodgbbuooobooboobooo

127



Table 4.1: Comparison of the calculated values.

parameter IPP Langmuir probe
dVy [V] 0.1
(Jp)w [arb. unit] 26.1
d(Jp)w [arb. unit] 0.35

6 [degree] 83
df [degree] 2.5
T [ps] 2
Vo [V] 6.2 4
Vs [V] 5.6 2.3 (voltage of mesh)
be [V] 0.27 1.0
ne [x10%cm™%] 6.7 4.1
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Fig. 5.1: Schematic drawing of the IPP method and the IMP method.
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Fig. 5.2: Phasor diagram of the modulated RF component of the probe current in the IMP
method.
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Fig. 5.5: Illustration showing the relation of ¢' measured in the IMP method to the measur-
able parameters in the IPP method; (J,)!, and df. (a) and (b) show the case of the positive

w

pulse edge and the negative pulse edge, respectively.
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Fig. 5.6: Illustration showing the relation of df measured in the IPP method to the measur-
able parameters in the IMP method, ¢, (Jp)wtp-

Table 5.1: ', 3, Vo and ¢, calculated from the data measured by the IPP method.
(13.56 MHz Ar RF plasma, RF power: 20W, pressure: 6Pa)

Pulse amplitude 0.1V 0.2V
Pulse edge positive  negative  positive  negative

(Jp)w 26.5 26.5 26.6 26.6 larb. units]

d(Jp)w 0.13 0.13 0.35 0.33 larb. units]
do 0.28 0.23 0.6 0.65 [deg]
¢’ 43.8 39.6 40.0 43.0 [deg]
B 0.075 0.086 0.089 0.078
Vo 10.3 10.8 7.8 8.4 [V]
be 0.77 0.93 0.7 0.65 [V]
a 0.72 0.67 0.63 0.74
no 2.3 x10° 25x10° 2.2x10° 2.1 x 10° [cm ™3]
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Table 5.2: df, 3, Vo and ¢, calculated from the data measured by the IMP method.
(13.56 MHz Ar RF plasma, RF power: 20W, pressure: 6Pa)

Amplitude of
0.1V 0.2V

probe voltage
Frequency of

1.356 2.712 1.356 2.712 [MHz|
probe voltage
(Jp)w 27.8 27.8 27.5 27.7 [arb. units]
(Jp)w—p 0.104 0.108 0.214 0.231 [arb. units]
(Jp)wtp 0.129 0.121 0.244 0.252 [arb. units]
¢ 43.5 44.5 42.9 43.7 [deg]
do 0.33 0.33 0.65 0.69 [deg]
B 0.075 0.072 0.077 0.074
Vo 7.7 8.4 8.0 7.9 V]
De 0.58 0.6 0.61 0.59 V]

ng (@ =07) 3.0x10° 25x10° 43x10° 3.3x10°  [cm ]
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Fig. 6.6: ¢’ measured by both insulated modulation probe systems, that using an operational
amplifier and that using a transmission line. Dependence upon the normalized modulation

frequency p/w. RF power 10 W, pressure 6 Pa, 13.56 MHz Ar plasma.
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