Compensating Langmuir Probe Studies
on the Production of High-Density Plasma
in RF Transformer Coupled Discharge

Boonchoat Paosawatyanyong

A radio frequency (RF) transformer coupled plasma (TCP) reactor was
designed and set up as a high-density plasma source. The system is powered by a
13.56-MHz 1000-W RF generator. The RF field was coupled into the plasma via
an impedance matching network consisting of a tunable vacuum capacitor and
planar induction coil. The experimental study to obtain the plasma parameters
inside the system was conducted using the self-compensating Langmuir probe
technique. Electron temperature during the discharge was found to be from 2.5 to
4 eV. Plasma density was found to be in the range of 2.2x10'° to 1.48x10'* cm™.
The plasma potential of the TCP was between 12 to 20 V. An abrupt increase in
the plasma density during mode transition of the TCP plasma was observed. On
the other hand, neither an abrupt change in the electron temperature nor the
plasma potential was observed during such mode transition.
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Coupled DisCharge...............ccouveeiiiiiiiniiiinnannns

INTRODUCTION

The widespread application of low-
temperature plasma devices in modern
technology has stimulated an extensive
research effort into the inductively coupled
plasmas (ICPs) with a keen interest as a
potential new source for low-pressure
operations.'” It has been reported that low-
pressure ICPs have advantages such as
high plasma density,” reduction in ion
damage® and independently controllable
ion energy.*®

In order to obtain detailed knowledge
of the properties that define the plasma in
ICPs, many plasma parameters must be
defined. Such parameters include electron
temperature, electron/ion/plasma density,
and the dominant species involved in the
reaction chosen. In any plasma processing
system, the energies, with or from of which
the ions strike the sample surfaces, must
also be known, and these often require the
determination of the plasma potential. As
in many other areas of work, no one
diagnostic tool or technique can be used to
adequately define all of the parameters.
Several techniques such as electric or
electrostatic probing, plasma oscillation
measurement,’” optical emission and laser
spectroscopy®® and recombination
radiation analysis"'” have been used with
some success.

Among such techniques, the use of
electric probes is one of the -earliest
techniques  for  plasma  parameter
measurement. Basically, an electric probe
is a small electrode, usually a metal wire,
inserted inside the plasma. Essentially, the
method is based upon the interpretation of
the current collected by a probe in the
plasma as a function of the voltage applied
to the probe. When one inserts a probe into
plasma, the plasma will be disturbed by the
probe. Since the disturbance is localized in
most cases, one can describe the local
properties of plasma at the measurement
region.
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One of the most common electric
probe techniques is the Langmuir method."'?
Although this method is mainly utilized in
conventional DC discharges, the successful
usage of Langmuir probe measurements in
the radio frequency (RF) plasmas has also
been reported by research groups.”"'*'¥
Chatterton et. al.” report the application of
self-compensating electrostatic Langmuir
probes in order to reduce the RF field
interference which leads to data
discrepancy up to the first harmonic effect.
In their work, by embedding two parallel
LC loops and cylindrical compensating
electrode as part of the probe tip close to
the measurement region, the authors
obtained reproducible data with good
accuracy.

With fast evolving technology in the
micro and nano scale semiconductor
industry, the need by high precision plasma
sources with a high aspect etching ratio has
led to even more extensive studies in the
designing and construction of RF plasma
systems of high plasma density (>10'° cm™)
at low pressure (<107 torr). Several research
groups have reported source configurations
and techniques such as hallow cathode
microwave-ICP hybrid sources,!'®
magnetron-ICP hybrid sources,'” grid-
biasing ICP"* and pulsed-plasma
ICP"® achieving plasma density of up to
6x10'" cm™ without the use of magnetic
constrain fields and at relatively low
pressure and low RF power (< 1kW). The
literature also reports a relatively effective
method of ICP excitation to be using a
planar coil to couple the RF field through a
dielectric into the plasma chamber. This is
known as transformer coupled plasmas
(TCPs).!*!?)

In this present work, a 13.56 MHz
RF planar coil TCP system was designed
and setup. The experimental study to obtain
the plasma parameters inside the system
was conducted using the self-compensating
Langmuir probe technique. The electron
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temperatures and the plasma densities of
the TCP plasma produced under different
conditions were compared to those reported
by others.

EXPERIMENTATION
Experimental setup

The schematic diagram of the
designed RF-TCP system is shown in
Figure 1. The major components of the
system are the reactor chamber, the RF
generator, the impedance matching network,
the gas and pressure handling components and
the probe diagnostic system. In this work,
the plasma source is powered by a 1000-
Watts 13.56-MHz RF generator (Dressler

model Cesar-1310) with an output
impedance of 50 Q.

The matching network used in the
system was based on a LC resonant circuit
which consists of a variable vacuum
capacitor and a 6-8 turns planar coil with a
maximum diameter of 120 mm as the
inductor. The variable vacuum capacitor
can be varied in the range of 80 pF to 1000
pF. The coupling circuit of the matching
network is shown in Figure 2. The RF
power is supplied to the load via a 7:1 step
down transformer so that its effective
output impedance is converted to
approximately 1 Q.
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Figure 1. Schematic diagram of the RF-TCP system.
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Figure 2. Coupling circuit of the Matching Network.

The matching network was placed
inside a perforated aluminum cylinder,
which acts as a Faraday cage in order to
protect the electronic diagnostic instrument
from the effects of stray RF fields. The
planar coil current inside the cage is
measured by a Pearson current probe,
whereas the coil voltage is measured by
high voltage capacitive probe.

The reactor chamber is made of
stainless steel in a cylindrical form which is
covered by stainless steel plates at the top
and bottom flanges. The top plate has an
opening which is covered by a quartz plate
to isolate the vacuum. The planar coil is
placed above the quartz plate.

The vacuum system consists of a
turbo molecular pump backed by a rotary
vane pump where a base pressure of
5.5x10” torr can be achieved. The pressure
of the system is measured by a Penning
type pressure gauge which was mounted at
a port on the side flange of the chamber.
During plasma operation, the operation
gases entered the chamber via mass flow
controllers (Dwyer GFC2100-series). An
automated pressure controller (Edward
1800) was utilized to control the pressure

J. Sci. Res. Chula. Univ., Vol. 29, No. 2 (2004)

inside the reactor chamber at the desired
value.

Compensating Langmuir probe

The schematic diagram of the
compensated Langmuir probe is shown in
Figure 3. The probe’s metal tip, which is
exposed to the plasma, is made from
nickel-chromium (Ni-Cr) alloy. The
exposed tip has a diameter of 0.8 mm and
the length of 2.2 mm. The part of the Ni-Cr
wire which is not exposed to the plasma is
covered by glass tube. In this RF
compensated probe, a choke filter,
consisting of a 0.34 pH inductor
connecting in parallel with a 330pF
capacitor, is placed in line with the probe
wire to exert high impedance to RF noise.
The wvalues of the inductor (L) and
capacitor (C) were obtained from equation

(D.

1

f:2ﬂ\/ﬁ

(D)

where, f is the applied RF frequency of
13.56 MHz.
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Figure 3. Schematic diagram
probe.

The probe circuit shown in Figure 4
was used to obtain the I-V characteristics
of the probe when interacting with the
plasma. The probe current (/,) and probe
bias voltage (V),) are monitored using a
Tektronics digital oscilloscope. The probe
was swept biased by a 250V peak-to-peak
triangle-waveform voltage sweep amplifier.
The sweep frequency was adjusted to
minimize the discrepancy between the
upper-sweep and lower-sweep turn of the
measurement. Typical sweep rate used was

of the RF compensating Langmuir

between 0.5 - 10 V/uS. The Langmuir
probe current was obtained by using a
differential probe to measure the voltage
drop across a 50 kQ load. This across the
load voltage was directly proportional to
the probe current (/,). Two RC low-pass
filters, circuitry shown in Figure 4(b), were
inserted in line between the detecting
probes and the oscilloscope to further
reduce the RF noise. The gain of the
filter, | G(f*) | is defined in equation (2).

RC RC
Lowpass Lowpass » Oscilloscope
3MHz Funtion ~ +300V, 1 A Filter Filter
Generator Power SUPPlY  pjfrential  Voltage
_________________ : Probe Probe
|
|
| 83k 4K I
l 10 :
| b— WY o » Lanmuir Probe
i 2N5657 |
[ :
|
| | jm—— === 1
|10k <36k | 1k |
l 4700 | in o1 WI out
| T ! | 0.3n |
| | I
| | L |1

(a) Voltage Sweep Amplifier Circuit

(b) RC Lowpass Filter

Figure 4. Schematic diagram of the circuit; (a) shows the Voltage
Sweep Amplifier and (b) shows the RC Lowpass Filter.
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Coupled DisCharge...............ccouveeiiiiiiiniiiinnannns

G(f *) = L .2
V1 + (2f *RC)2

where, f* is the RF noise frequency. From
equation (2), |G(f*)| is =zero as f*
approaches infinity. And vice versa, the
magnitude of | G(f*)| approaches 1 as f*

0.016 7 I,(A)
0.014 -
0.012
0.010 -
0.008 -
0.006 -
0.004 -
0.002 -
0.000 -

approaches zero. In this experiment, a 10
kQ variable resister and a 0.3 nF capacitor
gave good results in suppressing the RF
noise (f*).

The typical I-V plot for the
compensating Langmuir probe inside the
TCP is shown in Figure 5(a).

(@)
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0.5Torr,r=0,z=5cm
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Figure 5. (a) I-V plot for the compensating Langmuir probe inside a
plasma with power dissipated into the plasma (Pryp - Prey)
of 180W. Probe tip is at the center of plasma S cm below
the quartz plate. (b) electron temperature is extracted

from In(Z,) versus V),
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Determination of the electron temperature

To derive the value of electron
temperature and hence the plasma
temperature in our quasi-neutral non-
equilibrium plasma, a linear fit is conducted
of the ion saturation portion of the I-V
curve. The range of points chosen for the
fitting is of the probe current, /, points at
large negative probe bias voltage, so that,
electron current has negligible contribution.
The linear fit of such portion is extrapolated
to obtain the ion current, /;. The electron
current, /., is then obtained by subtracting
out the ion current, /;,, from the plasma
current, /,.

Typically, the electron current, /., for
any Maxwellian plasma can be expressed

by(20,21)
14

1, o exp| - e ...(3)
KT,

Therefore, one can find the electron

temperature by fitting /. versus V), on a
semi-log plot as shown in Figure 5(b).

Determination of the plasma density

For a quasi-neutral plasma, n, =~ n; =
n,, where n. , n; and n, are the electron
density, ion density and plasma density
respectively. Once T, is known, the plasma
density can be obtained from the ion
saturation current, iz at large negative
value of probe bias voltage. In this
experiment, usually at V), larger than
negative 100V, ion current is expected to be
saturated. Since ions have lower mobility
than electrons, Iz experience less
distortion than the electron saturation
current and therefore is used to determine
the plasma density, n,, from equation (4).2%21

1M
" T 0.6eS \ kT, iy - @)

where e is the charge of electron, S is the
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area of the exposed probe surface, M; is the
ion mass of the gaseous ion and k is the
Boltzmann’s constant.

RESULTS AND DISCUSSIONS

Discharge characteristics

During each discharge, the tunable
vacuum capacitor was adjusted for the
minimum reflected power of each plasma
condition by means of the RF generator
wattmeter. The data in Figure 6 are
presented as functions of power dissipated
into the plasma, Pps, which is the total
forward power Ppyp, minus the reverse
reflected power Pggy, minus resistive losses
IzcoilReﬁ; where R is the total resistance of
the coil and surrounding peripheral and 7,
is the planar coil current. R,y is determined
from the forward power while no plasma is
present. This is accomplished by powering
the system under high vacuum.

The experiments were carried out at
an Argon pressure between 0.05 - 2 Torr,
Ppis range from 10 to 250 Watts. The
compensating Langmuir probe tip was
fixed at the center of discharge, 5 cm below
the quartz plate. The discharges show mode
transition and hysteresis behavior as in
Figure 6. At low Ppys, both coil current and
voltage gradually increased as Pps
increased. This was accompanied by faint
light emission from the discharge.
However, at Pp;s around 50 Watts, a
sudden drop in both coil current and
voltage occurred and a dramatic increase of
the light emission was observed. Such
abrupt change was referred to as E-H mode
transition and is also reported by Seo et al.,*?
Kortshagen er al.** and El-Fayoumi
et al*Y However, the transition in the
present work seemed to happen at much
lower plasma power than that of Seo et.al.
whose transition appeared at around 280
Watts of 19 MHz RF power.

J. Sci. Res. Chula. Univ., Vol. 29, No. 2 (2004)
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Coupled Discharge

This lower plasma power transition
level could be explained by writing the
average energy transfer from RF field, Ugp,

where Ep is the electric field
intensity, v is the momentum transfer
collision frequency and @ is the angular

by the planar coil to the electron as®” frequency of the field. For a fixed value of
5 Ep, the increase in RF frequency causes the
ek} energy transfer to be inadequate to establish
R = > 5 gy aeq
2m(v: +@”) H-mode. Therefore a higher RF energy or
RF current is consequently needed for the
transition in a higher frequency discharge
as presented by the above authors.
120 1
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100 1 .
2 —&— Decreasing powe
E
5
= (a)
-
o
I
Q
0 1 1 1 1 1
0 50 100 150 200 250
P DIS (Watt)
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's o & —a—a
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Figure 6. Planar coil current (a) and coil voltage (b) versus

power dissipated
0.5 Torr.
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into the plasma of Ar at pressure of
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Electron temperature and plasma density
of the Argon TCP

Figures 7 and 8 show the variations
of the plasma density and temperature at
the discharge power at Ar pressure of 0.05,
0.5 and 2 Torr. In general, the variation of
the electron temperature and plasma
density measured using the compensated
Langmuir probe is in agreement with the
results reported by Hopwood er al® and
Ikada er al'¥ The electron temperature
measured for the plasma at Ar gas pressure
of 0.05 Torr is slightly higher compared to
that measured from 0.5 and 2.0 Torr Ar at
the same Pp;s power. This higher electron
temperature at lower pressure is expected
because the number of particles per unit
volume in the discharge is lower. Hence,
the average kinetic energy of the electrons
is higher due to longer average mean free
path and lower electron-particles collision
frequency.

Also, the electron temperature, T,
appears to gradually decrease from 4 to
about 2.5 eV while Pp;s increases from 10
to 250 Watts, in all three pressure ranges
tested. This decrease in 7, may be
correlated to the increase in the plasma
density, n, where the increase in the
collision frequency between electrons and
the positively charged Ar ions results in the
lowering of the electron temperature.

The electron temperature seems to
decrease with increasing power. However,
at around 50 Watts, where E to H mode
transition occurs, the electron temperature
jump phenomena does not occur. A quite
consistent result is obtained in the 2 Torr
Ar discharge where not much fluctuation is
seen with the increase in power. This rather
smooth transition in electron temperature is
also consistent with the RF-ICP work by
Schwabedissen et al."”

Nevertheless, in Figure 8, the plasma
density shows an abrupt increase at the E to
H mode transition. Plasma density
immediately after the transition into the H

208
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mode was determined to be on the order of
10" cm™. The density of the plasma was
observed to increase by almost one order of
magnitude from E-mode to H-mode. This
indicates a greater degree of ionization in
the H mode discharge. In addition to this, it
was observed that the ions in the H mode
plasma were more concentrated around the
diameter of the planar coil as compared to
the E-mode plasma, where the ions are
more diffusive. An increase in the
discharge power in the H-mode results in
an almost linear increase in the ion, and
hence the plasma, density, as shown in
Figure 8. These trends are the same as
those reported in previous studies.>"'
However, the maximum plasma density
produced, at comparable Ar pressure, in
this present work (1.48x10"? cm™) is
slightly higher than those previously
reported which were about 6x10"" cm™. The
maximum plasma density that can be
measured without destroying (melting) the
probe tip, in this work, is about 1.6x10'
cm™.

Figure 9 shows the variation in
plasma potential of the discharge. It is
noticed that the plasma potential in the
experiments is always positive. This should
come from the fact that both ions and
electrons tend to diffuse from the plasma
where a higher density exists. However,
electrons have much higher mobility, so a
slight positive space charge develops in the
volume.

The variation trend of the plasma
potential to the Pp;g very much follows that
of the electron temperature. At low power,
plasma potential shows a slight drop to
around 50 Watts where mode transition
occurs. After that, a rather constant plasma
potential is obtained. This is also in agreement
with the works by Schwabedissen et al.”” and
Seo et al

J. Sci. Res. Chula. Univ., Vol. 29, No. 2 (2004)
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It is important to further note that the
plasma potential of TCP is very much
governed by the electrons. The evidence is
shown in the increase of plasma potential
with decreasing Ar pressure. As already
discussed, the increase of electron
temperature with decreasing pressure is
caused by the lower rate of electron-

particle collisions. This relates to the
increase of TCP plasma potential because,
in such lower collision rate, the rate of
electrons escaping out from the plasma
boundary to the chamber wall increases.
Hence a loss of negative charge leads to
higher plasma potential.

—0.05 Torr

—€— 0.5 Torr

—x— 2 Torr

§ 3.5 1
2
N3
2.5 1
2 ) ) ) ) 1
0 50 100 150 200 250
PDjs(Watt)

Figure 7. A comparative plot of electron temperature (7,) versus power
dissipated into the plasma of Ar at pressure of 0.05, 0.5 and 2.0 Torr.
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Figure 8. A comparative plot of plasma density (n,) versus power dissipated
into the plasma of Ar at pressure of 0.05, 0.5 and 2.0 Torr.
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Figure 9. Variation of plasma potential with the RF power dissipated into
the plasma at different Ar pressures.

CONCLUSIONS

The design and construction of a TCP
system are reported. The utilization of the
compensated Langmuir probe technique to
measure plasma parameters, such as
electron temperature and ion density in the
TCP system, are discussed and compared
to those reported by other groups. A
significant increase in the plasma density
during E to H mode transition of the TCP
plasma is demonstrated by measurements
obtained from the probe. Electron
temperature during the TCP discharge is
found to be from 2.5 - 4 eV. Plasma density
in the E mode is found to be in the range of
2.2x10" to 2.2x10"" em™. In the H-mode
the ion density was found to be in the range
from 2.4x10"" to 1.48x10'* cm™. The
plasma potential of the TCP is between 12
to 20 V. However, neither an abrupt change
in the electron temperature nor the plasma
potential is observed during E to H mode
transition.
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