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The floating harmonic probe (FHP) is a relatively new plasma diagnostic method for electron temperature and
positive ion density measurement, which can be used in conditions when insulating films are being deposited on
the probe and, consequently, the classical Langmuir probe method fails. Recently an extension of this method
called PDHAM - phase delay harmonic analysis method - was proposed that is applicable also to pulsed dis-
charges. In this contribution, we study the possible limitations of this new method and present the comparison of

the plasma density and the electron temperature determined by PDHAM with that obtained by the time-resolved
Langmuir probe in a pulsed planar magnetron discharge. In addition, we present the double probe technique for
applications in pulsed plasmas and we compare its results with those of a single FHP. The experiments were
performed in argon at pressures several Pa in a non-reactive regime, when no insulating film was deposited on

the probes.

1. Introduction

The low-pressure discharge plasma is widely used in many ad-
vanced technological processes such as in anisotropic etching or thin
film deposition, see e.g. the overview in [1]. The knowledge of plasma
parameters, preferably measured in-situ during the actual technological
process, is a key for its understanding and, also, for its control in real-
time. The electron temperature, electron density or ion density and ion
flux are among the critical internal parameters that should be mon-
itored. Consequently, there is still a need for development of the reli-
able measurement techniques.

The most widely used electric probes in low-temperature plasmas
are the Langmuir probes (LP). Many important plasma parameters can
be extracted from the IV characteristics of the single Langmuir probe,
such as the electron and ion density, electron temperature or the
electron energy distribution function (EEDF). However, its applicability
during reactive sputtering of non-conducting films is highly constricted,
as the IV characteristic get distorted and, consequently, its processing is
complicated, unreliable and often impossible. A range of probe methods
that operate with an ac voltage has been developed to overcome this
problem. One group of these methods is based on the high-frequency/
microwave spectroscopy. In case of the passive plasma resonance
spectroscopy the probe works as antenna that monitors existing oscil-
lations of the plasma, in the active plasma resonance spectroscopy the
probe couples a suitable RF signal into the plasma and evaluates the

corresponding frequency response [2,3]. As a representative of the first
group may serve e.g. the plasma oscillation probe [4], examples of the
second group are the plasma impedance probe [5], the hairpin probe
[6], the multipole resonance probe [7] and the curling probe [8]. All
the mentioned probe methods determine the electron density. The
multipole resonance probe [7] can measure also the electron tem-
perature and the plasma collision frequency, however, it ceases
working when only a few nm conducting film is deposited on the probe
[9]. Advantage of these methods is a possibility to monitor the plasma
technological process (deposition, sterilization etc.) in-situ con-
tinuously, without the need to measure and process the probe char-
acteristic. Disadvantage of these methods is the need of microwave
instrumentation (a vector network analyzer), large size and a com-
paratively complicated construction of all the probes listed above. As a
probe that utilizes an ac voltage at the RF frequency we mention the
probe method for ion flux measurements [10]. This method is almost
independent on the thickness of the non-conducting layer on the probe;
however, for the method to work properly it is necessary to have a large
flat probe (in [10] the diameter of the probe was 50 mm).

The idea to couple an ac signal into the dc probe bias has been
discovered long time ago. As an example of application of this idea may
serve the works [11,12] where a second harmonic of a harmonic signal
coupled into the probe circuit was used to measure the electron energy
distribution function in a plasma of a striated discharge. The concept of
the so-called floating harmonic probe (FHP), i.e. of a method where
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only an ac signal is applied to the probe over a capacitor, was proposed
already in [13] and was originally intended for direct-display of the
electron temperature fluctuations in the edge plasma of tokamaks [14].
In [15] this technique has been extended to evaluate also the ion
number density and it was proposed to be used in low-temperature
processing plasmas, where the probe tip gets coated by an insulating
layer. Up to now the FHP has been found useful e.g. during deposition
of DLC thin films [16,17] and was tested and utilized during reactive
sputtering of hematite dielectric films in dec hollow cathode plasma jet
sputtering system [18]. The case when the capacitive reactance of the
deposited film is not negligible was treated in [19,20]. Further variation
on the FHP is a method using sideband harmonics generated by dual-
frequency input voltage [21,22].

In this work, we are building mainly on the concept of the single
FHP applied to pulsed plasmas proposed in [23]. Our work was moti-
vated by the increasing interest in scientific community in HiPIMS, see
e.g. the recent reviews [24,25]. Moreover, we present the double
floating harmonic probe technique [26] for applications in pulsed
plasmas and compare the plasma parameters obtained by this method
with those of the single FHP.

2, Theory
2.1. Theory of single FHP operation in pulsed plasmas

The principle and theory of FHP for pulsed plasmas is similar to that
used in continuously driven discharges, see [15]. A small ac voltage
Vgcoset of a given frequency is applied to the probe electrode with
respect to a vacuum vessel in contact with plasma. As long as the ca-
pacitance of the deposited insulating film on the probe is high enough,
it doesn't affect the ac probe current being measured. A de blocking
capacitor Cy is connected between the probe and the harmonic voltage
source so that no dc current can flow through the probe. In con-
tinuously driven dc discharges, where the plasma is stationary and the
plasma potential is independent on time, the probe current is solely
generated by the applied ac voltage sweeping around the probes mean
potential 7 which is very close to the local floating potential. However,
in pulsed discharges the plasma potential variations {and accordingly
variations of the local floating potential) during the pulse period can
cause the probe not to be able to follow the local floating potential
changes and the probe transient voltage V. and transient current i, must
be taken into account. Let's first assume that the frequency of the ac
voltage is high enough, so that the plasma parameters do not sig-
nificantly change during several ac voltage periods. The probe current
is assumed to be a sum of the positive ion current and the electron
current:

i==it+iexp[(V + ¥ + Vycoswt — &)/ T, (L

where i~ is the electron current when the probe voltage equals the
plasma potential ®p; and e is the elementary charge. The ion current i*
is supposed to be independent on the probe voltage and the EEDF is
assumed to be Maxwellian with temperature T,. To make the equations
easier to follow, we expressed in Eq. (1) as well as further in the text the
electron temperature in electron-volts. After expansion of the ex-
ponential in a Fourier series, the probe current reads [23]:

: , LI
i=—i + Zk:l I CO8 Kot

(2)
V+¥-
b=t 4 tmexp| T Bl (E]
Te L (3)
. . v o Vr = q’p[ VE)
I = 2i7 — k] =1
- exp[ re ) "(Té )

In these expressions I represents the modified Bessel function of the
first kind. We see that besides the current component of the
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fundamental frequency «, also current compenents of higher harmonie
frequencies arise due to the non-linear characteristics of the sheath.
From the analysis similar to that given in [18] follows that the electron
temperature T, can be evaluated exactly in the same manner as in the
continuously driven discharges from the ratio of the amplitudes of the
harmonic current components iy,

b/l = L (Vo/ )/ I (Vo/ B), i, mEN, ngEm 5

From the Eqs. (2), (3) and (4) the following formula for the positive
ion current i™ can be derived:

I (Vo/ ;)

=i ;
T T

(6)
which differs from that used in continuously driven discharges by
considering the transient current i. To obtain the ion number density
the collisionless Laframboise theory [27] of the ion current for cylind-
rical probe was applied. According to this theory the ion current i ™ was
expressed by an analytical formula that can be found in [28] evaluated
at the probe potential &,; — 5.2T, (for argon plasma).

For the operation of the probe as described above, it is crucial, that
the capacitance of the sheath C; can be neglected. This condition,
however, limits the maximum operating frequency o that can be used.
Furthermore, the potential drop on the capacitance of the insulating
film Cr is in the above treatment also neglected which limits the max-
imum thickness of the deposited insulating film. After introducing the
real part of the impedance of the sheath R; as the first derivative of the
probe IV characteristics at the probe potential ¥ + V; = &;; around
which the FHP in a pulsed plasma operates, Ry = %(V + V=)
[29], the range of operating frequencies of the floating harmonic probe
can be expressed by:

1
wCr Ce/(Cr + G) 2 — > ol
fb(f b) R.s' 5 (7)

That is formally the same expression as derived in [18]; moreover, it
takes into account also the impedance of the blocking capacitor.

2.2. Theory of double FHP operation

The principle of the double FHP method [26] is similar to the single
FHP and is based on the theory of double probe developed already by
Johnson and Malter [30]. An ac harmonic voltage Vycoseot is applied
between two probes of equal size positioned near each other in plasma.
Assuming an ideal double probe characteristics (Maxwellian EEDE,
constant ion cuwrrent i 7) the probe current is given by

AV; + Vycoswt
2%

i=1i"tanh
(8)
where AV; denotes the difference of the floating potentials of the two
probes caused mainly by the spatial difference of plasma potential. This
potential difference depends on the distance between the two probes;
the closer the probes the lower AV In general, however, if a capacitor
is connected in series with the ac voltage source, it will get charged by
plasma to compensate this difference and then the formula (8) with
AV; = 0 can be used.

Assuming that the ac voltage amplitude is small compared to the
electron temperature (V< T,) then the procedure described in [26]
can be applied and the probe current (8) can be expanded into Taylor
series and separated into harmonic components:

a® a®
it=la—-——+ ..|coset + | —— + ... | cos 3! + ...
4 12 (9
4

where a = Vy/2T, and the terms with power higher than " were ne-
glected.

It then follows that the electron temperature can be evaluated from
the ratio R of the amplitudes of the third and the first harmonic current

components, R = izq/i1,
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Fig. 1. a) The schema of the single FHP measuring circuit including the linearized circuit representation of the sheath around the probe, the parasitic capacitance C,
and the capacitance Cy of an insulating film. b) The schema of the double FHP measuring circuit.
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The ion number density is obtained in the same way as in the single
FHP case. In appendix A we analyze also the case when V, > T, and
study the range of validity of the V, « T, treatment.

In the double FHP theory shown above it is assumed that the cur-
rents through both the probes are equal and of opposite sign at any
time, so that the measured current flows almost exclusively through
both the probes and the transient/charging currents are negligible. In
order to apply the double probe in the pulsed regime it is therefore
necessary for the double probe to follow closely the local floating po-
tential changes. That is only possible, if the “RC constant” given by the
product of the sheath impedance and the sum of the capacitances of the
probes and of the measuring circuit to ground is negligibly small.

2.3. Phase delay harmonic analysis method

Due to the sheath capacitance (and partially also due to the parasitic
capacitances of the measuring circuitry and electrical leads to the
probe) the operating frequency of the input ac voltage is limited to
about 100 kHz [18]. Even if just one period of the applied signal was
used to evaluate the plasma parameters, the temporal resolution in this
case couldn't be better than about 10 us, which is still too much to re-
liably capture the changes during 100 ps HiPIMS (High-Power Impulse
Magnetron Sputtering) pulse.

An alternative measurement technique named PDHAM - Phase
Delay Harmonic Analysis Method was recently proposed in [23]. Si-
milarly to the conventional time-resolved Langmuir probe method
(sometimes called the box-car LP method), it is assumed that the plasma
is generated repeatedly with reproducible parameters and that, conse-
quently, measurement during several discharge periods can be used for
obtaining the temporal evolution of the plasma parameters. In this
method the ac input voltage is synchronized with the triggering signals
of the discharge pulses. In the first trigger the ac voltage with no phase
delay is applied to the probe and the probe current is measured. In the
subsequent triggers the applied voltage is incrementally delayed by
some integer phase fraction of 2. After several discharge pulses when
reaching the phase delay of 2, one period of the applied voltage can be
reconstructed in the phase domain at any time sampled during the
discharge period. Similarly, the corresponding one period current wa-
veform can be reconstructed in the phase domain, which is then used
for the evaluation of the electron temperature and ion number density
according to the theory of the FHP. The time resolution in this case is
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limited just by the sampling frequency during recording of the current
waveforms, i.e. by the speed of the A/D converter, and by the ion
plasma frequency (similarly to the conventional Langmuir probe
method) and not by the applied frequency. Last but not least one has to
take into account the “physical” time resolution of the Langmuir probe
that is given by the time of flight of an ion through the probe sheath
(numerically the reciprocal of the ion plasma frequency).

3. Experimental arrangement

Measurements were carried out in the pulsed dc discharge of planar
magnetron with 2-inch titanium target. Argon was used as the working
gas. The magnetron was powered by a pulsing unit that consists of a dc
power supply Advanced Energy MDX 500 that charges the capacitor
bank and of an ultrafast switch constructed from the IGBT transistors.
Its basic architecture is described in [31], the detailed construction in
[32]. The pulsing unit was controlled by pulses from the function
generator Agilent 33521A. The rise time of the voltage applied on the
cathode was lower than 200ns. These pulses also triggered the ac
voltage applied to the FHP probe.

The double probe was made of two tungsten wires of 13 mm in
length and of diameter of 50 um and was positioned at the axis of the
magnetron in the distance of about 8 cm from the magnetron target.
When using the single probe method, only one of the two wires was
used. In the presented experiments with argon as a working gas only a
conducting titanium layer was deposited on the probe which did not
substantially alter the probe dimensions. Hence, the comparison of the
FHP with the conventional time-resolved Langmuir probe technique
was possible. The IV characteristics of the Langmuir probe were mea-
sured by means of an in-house constructed electronic circuitry, similar
to that used in [33].

The electrical circuit employed for the single FHP technique is de-
picted in Fig. 1a. The probe current was sensed on a 500 Q resistor and
the current signal was amplified by a low noise, low bias current, high
speed and high CMRR (common mode rejection ratio) differential am-
plifier AD8421ARZ by a factor of 10. The high CMRR allows to extract
low level signals even in the presence of high-frequency common-mode
noise. The negative feedback line in the operational amplifier NE5532
was hooked up at the end of the sensing resistor as depicted in Fig. 1.
That ensured that only the voltage of the fundamental frequency w was
applied to the probe and the amplitudes of higher frequencies possibly
generated on the sensing resistor were suppressed. To let the probe
floating and self-biased a capacitor of either C,= 5nF or 50nF was
connected in series between the measuring circuit and probe, the effect
of which on the resulting data is also the subject of this study.

For the measurement with the double probe we used the electric
circuitry depicted in Fig. 1b. The sinusoidal signal is applied through an
optocoupler and an operational amplifier powered by two 3 V batteries.
The content of higher harmonic amplitudes in the applied voltage was
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lower by > 60 dB compared to the amplitude of the fundamental fre-
quency. The current was sensed on a 10 £2 resistor, whose resistance
could be neglected compared to the impedance of the sheath, and
amplified by the operational amplifier powered by a grounded power
supply. The net capacitance of the probes, the electrical leads (about
70cm long) and the measuring circuit to ground was roughly
100-150 pk.

Both the single and the double FHP were operated using the phase
delayved method. As a signal-recording device the digital oscilloscope
Agilent DSO-X 2004A was used. In order to simultaneously study the
probes operation, the floating potential was also recorded using an
oscilloscopic probe with a capacity of 15 pF against ground. The har-
monic signal of a given frequency was supplied by the waveform gen-
erator Agilent 33220A operated in the burst mode. The start of the burst
was synchronized with the discharge triggering pulses with a pro-
grammable delay. In the burst mode only several periods of the har-
monic input voltage were generated after the pulse trigger covering
most of the discharge repetition period. After several discharge periods
the phase/delay of the signal burst was readjusted in pre-programmed
steps. The data acquisition terminated when the phase/delay reached
360°. From the current waveforms in the time domain the waveforms in
the phase domain were then constructed, from which the amplitudes of
the harmonic currents were obtained by means of the Fourier analysis.
Both the waveform generator and the oscilloscope were connected to a
computer, which automatically controlled the incremental change of
the input voltage phase and retrieved the waveform data from oscillo-
scope.

4, Results and discussion

The results presented below have been measured at the following
conditions: a frequency of 20 kHz and ac voltage amplitude of 0.4 V was
used for FHP measurement, discharge conditions: pressure = 1Pa,
average discharge current = 250 mA, discharge voltage =400V,
average discharge power = 100 W, pulsing frequency = 100 Hz, duty
cycle = 10%.

In Fig. 2a, b two examples of the results of comparative measure-
ments of the ion/electron number density and the electron temperature
by both the FHP (using the phase delay technique) and the time-re-
solved Langmuir probe during and after a 1 millisecond long discharge
pulse are shown, respectively. Furthermore, FHP results obtained
during measurement with two different dc blocking capacitors Cp are
also compared. To understand why the results may depend on the ca-
pacitance of the dc blocking capacitor used, the temporal evolution of
the potential on the FHP, local floating potential, local plasma potential
and the FHP transient current is depicted in Fig. 2c¢, d for two different
Cp values. The local floating potential was measured directly by the
oscilloscope probe when the probe was disconnected from the FHP
circuit. We have observed a delay of about 120 ps between the time of
application of the discharge voltage and the time of the plasma ignition,
which is depicted in Fig. Za, b, ¢, d by a gray rectangle. We observe in
Fig. 2¢ that after that delay the local floating potential steeply increases
to approximately 3.5 V, during the active pulse slightly decreases and as
soon as the pulse terminates the local floating potential rapidly de-
creases. Similar temporal evolution was obtained also for the local
plasma potential. Further is in Fig. 2c depicted the probe potential
when the probe was connected to the FHP measurement circuit with the
applied harmonic voltage of given phase (thin bright line) and the mean
probe potential obtained by averaging the probe potential in the phase
domain (thick line). Clearly, the FHP was not able to follow the rapid
changes of the local floating potential as the impedance of the sheath
and the dc blocking capacitor forms effectively a non-linear low-pass
filter — the blocking capacitor needs to be charged by the plasma
through the sheath impedance. This charging current, the transient
current i, obtained by averaging the probe current in the phase domain
is depicted in Fig. 2d and it is both qualitatively and quantitatively in
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agreement with the results. The situation becomes worse when the local
floating potential increases because in such a case the probe is left in
the ion saturation region where only small ion current flows onto the
probe, hence the impedance of the sheath is large. On the other hand,
when the local floating potential decreases the probe remains in the
transition region with rather high electron current and hence the probe
faster follows the changes of the local floating potential.

The electron temperature obtained with the 50nF capacitor is
burdened with scatter and its mean value is overestimated for the
duration of the active time of the pulse when compared to that obtained
from the LP data, as shown in Fig. 2b. It has to be noted that during the
first 120 ps after start of the voltage, the FHP temperature data for both
the capacitors shown are not valid; they represent just noise. When the
5 nF capacitor was used, the temperature was overestimated only at the
beginning of the voltage pulse to about 400 ps. The reason lies in the
FHP mean potential that differs from the local floating potential. We see
that the electron temperature is overestimated only when the FHP mean
potential is much lower than the local floating potential. Consequently,
the FHP was operating far in the ion saturation region, where the
electron current and the corresponding harmonie currents are much
smaller and hence almost lost in noise. Furthermore, the tail of the
EEDF may not be Maxwellian anymore and the dependence of the ion
current on voltage may also play a role, as the ion current - in this part
of the IV characteristic - is much higher than the electron current. The
rather low value of electron temperature during the active plasma pulse
was observed also in other papers dealing with Langmuir probe diag-
nostics of pulsed plasma discharge [34-36].

When assessing the ion density from FHP measured with both ca-
pacitors in Fig. Z2a, it is overestimated with respect to the electron
density obtained from Langmuir probe. The difference might be due to
the imperfection of the Laframboise theory commonly obsetrved also in
other experiments, e.g. [37]. We see that although the probe with
50 nF de blocking capacitor used was absolutely not able to follow the
changes of the local floating potential during the active pulse, the ion
density obtained with 50 nF capacitor is roughly similar to the results
when the 5nF capacitor was used. However, we consider the mea-
surement of the temporal evolution of the ion density during the active
pulse with the 50 nF dc blocking capacitor as unreliable. That is mainly
due to the fact, that the electron temperature, which is needed for the
ion density evaluation, was too noisy.

From the results we conclude that the lower capacitance of the de
blocking capacitor enables the faster response of the probe to the
changes of the local floating potential and hence leads to more reliable
data. However, the condition for proper operation of the FHP expressed
in Eq. (7) limits the minimum capacitance of the dc blocking capacitor.
The optimal value of the de capacitor should therefore take into account
the size of the probe and the maximum densities expected during the
pulse. The fact that the sheath impedance actually depends on the
probe transient voltage further complicates the choice.

In view of the above mentioned inherent problem of the single FHP
when used in pulsed discharges, we have focused on the applicability of
the double FHP, because no de blocking capacitor connected to ground
is needed in this technique. The measurements comparing the single
and double FHP have been made measured at the following conditions:
a frequency of 20 kHz and ac voltage amplitude of 0.4V and 0.45V was
used for the single FHP and double FHP, respectively, discharge con-
ditions: pressure = 10 Pa, average discharge current = 300 mA, dis-
charge  voltage = 286V, pulsing frequency = 100Hz, duty
cycle = 10%.

In our measurements with double FHP we have observed only
negligible transient currents and the mean potential followed petfectly
the changes of the local floating potential. In Fig. 3b one can observe
that the electron temperature obtained with double FHP is in rather
good agreement with that obtained from LP even in the first 500 ps
from the beginning of the pulse, while the electron temperature from
the single FHP is overestimated. The ion density determined by both the
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FHP (PDHAM) measurement. (a) lon density measured by FHP and electron density measured by Langmuir probe obtained from the probe current at the plasma
potential (b) Electron temperature from FHP determined from the ratio i,,,/i»,, electron temperature by Langmuir probe determined from the slope of 2nd derivative
of the IV characteristic. (c) V, - the FHP potential during measurement and its mean value. Vj - the floating potential of the probe not connected to FHP measuring
circuit, ®,; — plasma potential measured by Langmuir probe. (d) The transient current i, flowing through the FHP probe. A frequency of 20 kHz and ac voltage
amplitude of 0.4 V was used for FHP measurement. Discharge conditions: pressure = 1 Pa, average discharge current = 250 mA, discharge voltage = 400V, average
discharge power = 100 W, pulsing frequency = 100 Hz, duty cycle = 10%.
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single and double FHP techniques are in good agreement; it, however,
differs from the electron density for the same reason as explained
above.

5. Conclusion

We have tested and studied a relatively new probe diagnostic
technique called the PDHAM, which is intended for electron tempera-
ture and positive ion number density measurement in pulsed discharges
during reactive sputtering even when the probe is covered by an in-
sulating film. The probe was tested in dc pulsed planar magnetron
discharge commonly used for reactive deposition of dielectric films. The
temporal evolution of electron temperature and ion density was mea-
sured using this technique and compared with time-resolved Langmuir
probe results at several different discharge conditions in non-reactive
regime. We have obtained good agreement of the PDHAM with con-
ventional Langmuir probe method. Furthermore, the measurement with
the PDHAM was several times faster and the results were less noisy
when compared to the time-resolved Langmuir probe technique. It was
showed that the results and the probe reliability can highly depend on
the dc blocking capacitor used and on the particular temporal evolution
of the local floating potential. Due to this fact, it is not generally
guaranteed that the PDHAM/FHP will provide reliable data even if the
optimal dec blocking capacitor was used. We demonstrated that the

Appendix A
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reliability of the plasma parameters data could depend, apart from the
capacity of the dc blocking capacitor also on the particular temporal
evolution of the local floating potential. Due to this fact, the PDHAM/
FHP might not provide reliable data even if one chooses the optimal
value of the dc blocking capacitor.

We have shown that the solution of this problem might provide the
double floating harmonie probe technique. This technique does not
require a dc blocking capacitor, the sheath impedance is well defined
and, consequently, the method yields reliable data of the electron
temperature and the ion density.

In the future, we plan to apply the PDHAM/FHP in the HiPIMS
discharge; also during deposition. The preliminary results show better
reliability of the double floating harmonic probe technique also in these
experimental conditions.
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In this appendix we discuss the range of validity of the assumption Vs < T, in the derivation of Eqs. (10} and (11) for the double FHP and show an
extension applicable even for Vo > T.. We have evaluated the normalized harmonic currents f10/17 and isp/it by expanding Eq. (8) directly into
Fourier series by numerical integration of the expression for Fourier series coefficients (we remind the reader that ¢ = Vo/2T,)

1
lwlit =2 ‘L‘ tanh (acos2at) cos 2ant dt

(AD)

Fig. A.1 shows the calculated values together with the approximations according to Eq. (9). The approximate formula (9) is in good agreement
with the numerical results for a < = 0.5. At a = 0.5 the relative error of iz,/i1,, and i1 ,/i ¥ amounts to 13% and 0.5% respectively. We have fitted
the numerical data by analytical expressions (A.2) and (A.3), which are applicable in the range 0.4 < a < 8 with maximum relative etror of 4%.
One should be also aware of the fact, that a too high voltage amplitude scans the double probe characteristic over the range of voltages within which
the assumptions of the simple double FHP theory are not satisfied (the ion current i* is not constant).
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Fig. A.1. Comparison of the theoretical approximate harmonic current amplitudes according to Eq. (9) and those obtained from numerical integration of Eq. (A.1).
The fitted approximations of the numerical data given by a) Eq. (A.2) and b) Eq. (A.2) are shown by the dashed lines.

When the measured ratio i5,/i;,, was lower than about 0.01 {cotresponding to a =~ 0.4) the expressions (10) and (11) were used, otherwise we
utilized Eq. (A.4) and (A.3) for the electron temperature and ion current evaluation, respectively.
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The floating harmonic probe is a relatively new plasma diagnostic method, which was
proposed for applications at conditions when insulating films are deposited on the probe

and, consequently, the classical Langmuir probe method fails. In the floating harmonic probe
method a purely sinusoidal AC voltage is applied to the probe constructed in a standard
manner via a capacitor. From the spectral components of the measured AC probe current
waveforms, the electron temperature and the positive ion density can be obtained. In this
contribution we present the comparison of the electron temperature and density acquired by
the floating harmonic probe method with those obtained by the classical Langmuir probe. The
experiments are performed in the flowing DC discharge in argon. In addition, the results from
the floating harmonic probe method obtained during deposition of an insulating iron oxide thin
film are shown. All the data is complemented by the qualitative discussion.

Keywords: plasma diagnostic, floating harmonic probe, Langmuir probe, hollow cathode,

non-conducting film deposition

(Some figures may appear in colour only in the online journal}

Introduction

The most widely used electric probes in low-temperature
plasmas are the Langmuir probes (LPs). Many important
plasma parameters can be extracted from the -V character-
istics of the single LP, such as the electron and ion density,
electron temperature or the electron energy distribution func-
tion (EEDF). However, if used in conditions when badly con-
ducting films are being deposited, this method in most cases
fails as the resistance of the insulating film deposited on the
probe’s tip gets higher and the I-V characteristic renders dis-
torted. In order to make possible the measurement of the basic
plasma parameters, e.g. the electron density and the electron
temperature, a range of probe methods that operate with an
AC voltage have been developed to overcome this problem.
One group of these methods is based on the high-frequency/

* Author to whom any correspondence should be addressed.

1361-6463/18/025205+8533.00

microwave spectroscopy. In the case of the passive plasma
resonance spectroscopy, the probe works as antenna that
monitors existing oscillations of the plasma, and in the active
plasma resonance spectroscopy the probe couples a suitable
RF signal into the plasma and evaluates the corresponding fre-
quency response [1, 2]. As a representative of the first group
may serve e.g. the plasma oscillation probe [3], examples of
the second group are the plasma impedance probe [4], the
hairpin probe [5], the multipole resonance probe [6] and the
curling probe [7]. All the mentioned probe methods determine
the electron density and [6] also the electron temperature
and the plasma collision frequency. An advantage of these
methods is the possibility to monitor the plasma technological
process (deposition, sterilization, etc.) continuously, without
the need to measure and process the probe characteristic.
A disadvantage of these methods is the need of microwave
instrumentation (a vector network analyzer) and large size
and comparatively complicated construction of all the probes

© 2017 1OP Publishing Ltd  Printed in the UK
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listed above. As a probe that utilizes an AC voltage at the RF
frequency we mention the probe method for ion flux measure-
ments [8]. This method is almost independent of the thick-
ness of the non-conducting layer of the probe; however, for
the method to work properly it is necessary to have a large flat
probe (in [8] the diameter of the probe was 30 mm).

The idea to couple an AC signal into the DC probe bias
was discovered a long time ago. An example of the application
of this idea may serve the works [9, 10] where a second har-
monic of a harmonic signal coupled into the probe circuit was
used to measure the EEDF in a plasma of a striated discharge.
The concept of the so-called floating harmonic probe (FHP),
i.e. a method where only an AC signal is applied to the probe
over a capacitor, was proposed already in [11] and was origi-
nally intended for direct-display of the electron temperature
fluctuations in the edge plasma of tokamaks [12]. In [13] this
technique has been extended to also evaluate the ion number
density and it was proposed to be used in low-temperature
processing plasmas, where the probe tip gets coated by an
insulating layer. Up to now the FHP has been found useful
e.g. during deposition of DLC thin films [14, 15] and the basic
concept of FHP has been further utilized in double probe diag-
nostics [16], a method using sideband harmonics generated by
dual-frequency input voltage [17, 18] or a method applicable
to pulsed discharges with temporal resolution below 1 ps [19].
The case when the capacitive reactance of the deposited film
is not negligible was treated in [20, 21].

Principle of FHP operation

In the FHP method an AC voltage Vi cos wi is applied to the
probe, see figure 1. A capacitor is comnected between the
probe and the harmonic voltage source, so that no DC cur-
rent can flow through the probe and the probe is floating at a
certain potential ¥ with respect to the plasma potential ®y.
The probe current is assumed to be a sum of the positive ion
current and the electron current:

i=i" — i exp[(V+ Vocoswi) /T, (1)

where 1~ is the electron current when the probe voltage equals
to the plasma potential $, and e is the elementary charge.
The ion current i T is supposed to be independent of the probe
voltage and the EEDF is assumed to be Maxwellian with
temperature T,. To make the equations simpler, we expressed
in equation (1) as well as further in the text the electron temper-
ature in volts. The periodic exponential term can be written
[22] in terms of Bessel functions f(z) of integer order k as:

areos(0) _ I(z) + 2 Z I (z) cos (k).
k=1

Substituting the above expansion (with # = wrandz = ¥,/ T,)
into equation (1) the probe current reads [21]:

i=i" — i exp (V/To) I (Vo/Te)

— 2i" exp (V/T.) ka (Vo/T.) coskwt. 2y
k=1

The AC component of the probe current is hence composed
not only of the fundamental frequency w, but also currents
at higher harmonic frequencies are generated due to the non-
linear characteristics of the sheath. Note that by applying the
AC voltage the probe no longer floats at its former floating
potential Vi That is the effect known from the asymmetrically
capacitively coupled RF discharges; on the driven electrode a
DC self-bias is created with the magnitude:

V:Vf—Teln (IO (%)) . (3)

Determination of the electron temperature

Since the probe is floating we can express the electron current
in terms of the positive ion current and we obtain for the probe
current the expression [12]:

i=it {m ;Ik (Vo/Ts) cos (kwt)}

Ik (VO/Te)

— . e — .+
szw cos (kwt) Tp, = 2 L (Vo/To) Vo/To)" @)

k=1

It follows that from the ratio of the amplitudes of the harmonic
currents iz, the electron temperature T, can be evaluated by
numerical solution of the equation, see e.g. [12, 13, 20, 21]:

inw/imw =1L (VO/TE) /Im (VO/TE) : (%)

Determination of the positive jon density

For the positive ion density evaluation a proper formula for
the ion current i must be employed. We have tested two col-
lisionless theories: the radial Allen, Boyd and Reynolds theory
{ABR) [23] and the Laframboise theory [24]. According to
the ABR theory for cylindrical 1P, the ion current at floating
potential can be written as [25]:

it = aedm/T./M; (6)
where Ay is the probe area, M, the ion mass, »; the ion number
density and @ an effective Bohm coefficient. This coefficient
depends on ion mass and the Debye number Dy, the ratio of
the probe radius to the Debye length Dy = rp/Ap and for
argon ions can be computed by utilizing the analytical approx-
imation from [25]. According to equation (4) the ion density
n; can be determined from the first harmonic current iy, by
numerical solution of the expression:

. e L (Vo/Te) .
! 2aeApn/Te/M; I (Vo/Te) &

In the case of the Laframboise theory the ion current iT was
expressed by the analvtical formula that can be found in [26]
evaluated at the probe potential ®; — 5.27%. The ion density
was determined in similar way from the first harmonic current
using equation (4).

For the operation of the probe as described above, it is cru-
cial that the capacitance of the sheath €, can be neglected.
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Figure 1. The scheme of the FHP measuring circuit including the linearized circuit representation of the sheath around the probe and the

parasitic capacitance Cj,.

This condition, however, limits the maximum operating fre-
quency w that can be used. Furthermore, the potential drop
on the capacitance of the insulating film Cy is in the above
treatment also neglected, which limits the maximum thickness
of the deposited insulating film. After introducing the real part
of the impedance of the sheath R; as the first derivative of the
probe I-V characteristics at the potential ¥ at which the FHP
floats, Ry' = £ (V) [27], the range of operating frequen-
cies of the FHP can be expressed by:

wCp 1/Rs 2wl (8)

This is a vital condition that is indispensable to be fulfilled for
the FHP to deliver reliable data. Failure to comply with this
condition leads to faulty data as it will be shown later on in
this work.

Corrections on the capacitive reactance of the deposited fim

When the above mentioned condition wCe 33 1/R; is not
fulfilled, the input voltage is divided on the voltage divider
consisting of the sheath impedance and the impedance of
the film. Treating the film as a pure capacitor, the ampl-
itude of the voltage across the sheath Vg can be expressed
as Vs = Vi cos ¢y, where ¢ is the phase shift between the
first harmonic current iy, and the input voltage Vj, see [20,
21]. The expressions for the ion density evaluation (4) and (7)
using the first harmonic current iy, are then changed only by
substituting Vs for Vy, see [20, 21].

A different approach needs to be used, when evaluating the
electron temperature, as the currents of higher harmonic fre-
quencies are further diminished due to generation of voltage
of higher harmonic frequencies on the impedance of the film
and consequently on the sheath. In [20] it was proposed to
utilize only the first harmonic currents iy,; and iy, and
corresponding phase shifts ¢ 1, @12 obtained from measure-
ments with two different voltage amplitudes V3 and Voo,
respectively:

w1 Io(Vopcosero/Te) (Vo cos 11/ Te)

wo  lo(Vorcosprn/Te) (Voo cospin/Te)

)

In [21] a more detailed analysis of the circuit treating the
deposited film as pure capacitance was made, from which it
follows that the electron temperature can be obtained from the
first i), and second iy, harmonic currents and the respective
phase shifts ¢ and o

hH{(Vocos /Te)

. _ (10)
e Db(Vocoser/Te) cos(2p1 — o)

Experimental arrangement

Measurements were carried out in the plasma plume of a DC
discharge in a low-pressure (1-50 Pa) hollow cathode plasma
jet sputtering system. In this system, argon gas flows through
a tubular-shaped, water-cooled nozzle/hollow-cathode of
length 29mm and of inner diameter 5 mm made of pure Fe
(99.99%). The nozzle is placed at the top of the cylindrical
ultra-high vacuum chamber 30cm in diameter and 30cm in
height, which is pumped by a combination of a mechanical
and a turbo-molecular pump down to the ultimate pressure
of 1073 Pa. The hollow cathode is powered by a DC power
supply Advanced Energy MDX 500 operating in a constant
current mode. The outer surface of the nozzle is isolated from
the discharge volume by a cylindrical shield made of a lava
ceramic that prevents the burning of the discharge in any other
part of the nozzle except the hollow cathode. The used plasma-
jet deposition system is schematically drawn and described in
more detail in [28]. For the deposition of iron oxide, the reac-
tive gas O, was introduced to the reactor vessel by a lateral
port to prevent the hollow-cathode from poisoning.

In order to make the experiment as general as possible,
two different cylindrical probes made of tungsten wire: one
4mm long and of diameter 50 pym (hereafter called the thin
probe) and 3mm long and 800 pm in diameter (hereafter
called the thick probe) were used simultaneously and posi-
tioned near each other in the plasma plume at the system
axis at the distance of 4 cin downstream from the nozzle exit
perpendicular to the plasma flow. Both probes were used
in the FHP regime as well as in the regime of a standard
LP. In the latter regime of operation the /-V characteristics



J. Phys. D- Appl. Phys. 51 (2018) 025205

M Zanaska et &

0.21

—o—thin LA,
0201 —=—thinif,
—o— thiek i/,
S —o— thick ifi,
0.18 /
0.17 4 ar
3
= 0.16 =5
@ O/O
0.15 oo
e e
0.14 PR
013 et s e S ST R S I e
0.12 ‘ . ‘ . ‘ ‘ ‘ .
00 01 02 03 04 05 06 07 08
v, V]
a)

1E17 - ,
—u— thin '
opig sk ./
/./
8E16 - o
/I
7E1._ _______ I’/'. ______________________________
G - L}
—
E
= BE16-

g0 01 02 03 04 0B 08 07 08

Figure 2. Dependence of the electron temperature (a) and ion density (b) according to the Laframboise theory obtained from FHP on the
AC voltage amplitude V, for a fixed frequency of 20kHz at conditions: p =7 Pa, Qs, = 120sccm, I, = 300 mA. The dashed horizontal

lines depict the results from -V characteristics.

were recorded using the Keysight B2901A Precision Source/
Measure Unit.

The electric circuit employed for the FHP technique is
depicted in figure 1. The probe current was sensed on a 500 £2
resistor and the current signal was amplified by a low noise,
low bias current, high speed and high CMRR differential
amplifier AD8421 by a factor of 100-300. The high CMRR
allows the extraction of low level signals even in the presence
of high frequency common-mode noise. As a signal recording
and processing device, a digital oscilloscope Agilent DSO-X
2004 A was used. The oscilloscope was operated in the acqui-
sition mode that averaged over 64 waveforms. From the
recorded waveforms, the amplitudes and phases of the har-
monic currents were obtained using the discrete Fourier trans-
form. The negative feedback line in the operational amplifier
NE5532 was hooked up at the end of the sensing resistor as
depicted in figure 1. This ensured that only the voltage of the
fundamental frequency w was applied on the probe tip and
the amplitudes of higher frequencies generated on the sensing
resistor were suppressed. To let the probe float and get it self-
biased, a 15 uF capacitor was employed; with its capacitance
sufficiently high to render the voltage drop on that negligible
at all the used frequencies. Due to a parasitic capacitance of
the probe shaft as well as of the measuring circuit itself to
ground a parasitic current of the base frequency was observed
even with the discharge off. This parasitic capacity was evalu-
ated to , =~ 30 pF and the parasitic current was always sub-
tracted from the obtained data.

Results and discussion

The purpose of our experiment is to show the applicability
of the FHP in the argon discharge and in the argon discharge
containing admixture of oxygen when an insulating layer of
iron oxide is deposited on the probe. In the former case the
iron hollow cathode is also sputtered, however, the filin depos-
ited on the probe is conducting and does not affect substanti-
ally the probe dimensions. The plasma parameters that are
obtained from the experimental data are the electron temper-
ature T, and the positive ion density »;. As a reference standard

for comparison we use the data from the -V characteristics of
both the probes. The comparison of the data from the FHP and
from the processed I-V characteristics was feasible only for
the plasma of a discharge in pure argon.

In the following paragraphs we show the results of com-
parison of both the above mentioned plasma parameters
dependent on the amplitude of the applied AC voltage, on
its frequency and on the argon pressure. In addition, plasma
parameters were measured with approximately 3% admix-
ture of oxygen in argon dependent on time for about 3/4h in
3 min intervals with only FHP. In this experiment, they serve
as the reference for the plasma parameters measured by the
FHP before the O, flow was started and after the O, flow was
stopped. It is necessary to stress that by changing the ampl-
itude or the frequency of the applied voltage we do not influ-
ence the plasma; the data on the T, and »; determined from
the FHP are given to show how accurate the FHP stands in
comparison with a standard LP.

Dependence of the T. and n; measured by FHP
on the applied voltage amplitude

The measurements were made at first in an argon discharge,
i.e. without oxygen (no insulating layer was deposited);
to discover the FHP behaviour and to compare the plasma
parameters obtained from the FHP data with those from the
LP. The dependence of the electron temperature 7, on the
AC voltage amplitude V, at a fixed frequency of 20kHz,
discharge current 300 mA and argon pressure 7 Pa can be
seen in figure 2(a). The electron temperature was evaluated
according to the equation (3) using both the ratio of the first
to the second harmonic current component iy, /i, as well as
the ratio of the second to the third harmonic current comp-
onent iag /i3,. It can be seen that the value of the electron
temperature obtained from iy, /73, is slightly lower and is in
rather good agreement with the value of the electron temper-
ature obtained from the -V characteristics, which is depicted
as the horizontal dashed line. It can be clearly seen that the
dependence on V, is much more pronounced in case of the
electron temperature obtained from iy, /iz,. This can be
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explained by the fact, that the ion current is not independent
on the probe voltage and therefore some AC ion current is
generated, which contributes to the measured current, pre-
dominantly to the first harmonic current component iy, [29].
Somewhat surprisingly, there is not much difference between
the thick and the thin probe in the slope of the trends. The
slightly rising trend of the electron temperature obtained
from iy, /73, might be also caused by the self-hiasing effect.
As the AC voltage Vy increases, the FHP floating potential
¥ gets more negative because of the self-bias and due to the
possible non-Maxwellian tail of the EEDF in an argon dis-
charge at low pressure (see e.g. [30]), the obtained electron
temperature can be overestimated.

The ion density according to the Laframboise theory
obtained from FHP dependent on the AC voltage V; is shown
in figure 2(b). For the calculation, the electron temperature
obtained from f,, /i3, was used. The dashed lines depict the
ion density obtained from the respective -V characteristics
according to the Laframboise theory (with the working point
chosen at &, — 207,). The comparatively large difference
between the ion densities determined in the same plasma at
rather low pressure by the probes with a different diameter is
probably caused by the flowing medium. At the rather high
throughput 120 scem and the low pressure 7 Pa the plasma flow
velocity becomes comparable to the thermal velocity [31].
That reduces the ion collection efficiency at the downstream
side of the thick probe—shadow effect—hence reducing the
effective collection area of the thick probe. Moreover, similar
effect can cause the possible anisotropy of the EEDF [32].
Consequently, without a proper correction to that effect, the
apparent ion density comes out smaller both in the case of
the ion density evaluation from the FHP as well as from the
I-V characteristic. As the ion density is determined from the
first harmonic current, the obtained rising trend of the ion den-
sity with increasing ¥ is likely caused by the AC ion current
and the self-biasing effect. For low AC voltage amplitudes Vy,
lower than approximately 27, the data from the FHP can be
assessed to be in reasonably good agreement (20% error) with
the results from /-V characteristics.

Dependence of the T, and n; measured by FHP
on the applied voltage frequency

The dependence of the electron temperature and the ion
density determination on the frequency of the applied AC
voltage was also investigated; the results can be seen in
Figures 3(a) and (b). The difference between the ion densi-
ties of the thick and thin probe may be again atiributed to
the shadowing effect. The increase of the obtained values
with frequency can account for the increase of the first har-
monic current due to the sheath capacitance, since the right
part of the inequality (8) at higher frequencies may not hold
anymore.

It can be seen in figure 3(a) that the dependence of T, on
the frequency is much more pronounced in the case of the
electron temperature obtained from the ratio iy, /iz,. The
results displayed in figure 3(a) also indicate that the electron
temperature T, obtained from the ratio iy, /is,, corresponds
reasonably well to the T, value obtained from the standard I.P
characteristic (the data from the thin and the thick probe cor-
respond to each other; indicated by red line) and that it does
not seem to be too influenced by the sheath capacitance in the
studied frequency range.

Dependence of the T, and n; measured by FHP
on the argon pressure

Figures 4 and 5 show the comparison of the data on T, and
7n; obtained from the FHP with the LLP method in a wider
range of conditions, as the argon pressure in the chamber
was changed. The electron temperature from FHP using
the ratio iy, /is, depicted in figure 4(a) is in a very good
agreement with the electron temperature of the body of
the EEDF, obtained from I-V characteristics using the
Druyvesteyn formula [33], except for pressures less than
about 2 Pa, where the EEDF has been found bi-Maxwellian.
At these low pressures the obtained electron temperature is
in accordance with the temperature obtained from the linear
approximation of the tail of the EEDF; see figure 4(b). The
fact that the FHP is, at certain experimental conditions,
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Figure 4. Pressure dependence of the electron temperature. (a) A frequency of 20kHz and AC voltage amplitude of 0.25 V was used.
Conditions: Qs, = 120scem, [, = 300 mA. (b) The measured EEDF at two different pressures 1.5 and 5 Pa. The vertical bars show the
floating potential of the probes around which the AC voltage was applied at the two indicated pressures.
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Figure 5. Pressure dependence of the ion density determined using the theory of Laframboise (2) and the Allen, Boyd and Reynolds
theory (b) using both the FHP and the LP (F~V characteristics) method. The stars depict the electron density determined by the thin LR
A frequency of 20kHz and AC voltage amplitude of 0.25 V was nsed. Conditions: Qs = 120scem, f, = 300 mA.

theoretically capable of measuring the temperature of the
linear approximation of the tail of the EEDF at the elec-
tron energy corresponding to the floating potential, it can
be readily seen that the electron current in (1) is expressed
using the temperature of the linear approximation of the tail
of the EEDFE.

As far as the estimation of the ion density #; is concerned,
one has to be aware of the effect of the collision of ions with
neutral particles in the probe sheath. Since we were interested
in a gross comparison between the FHP and the LP data, we
plotted in figure 5 the ion density data obtained without taking
collisions into account. Ion density obtained from the two
ion current theories are shown as follows: in figure 5(a) the
Laframboise theory [24] and in figure 5(b) the ABR theory
[23]. For comparison, the 7, data estimated from the electron
probe current at plasma potential are plotted in figures 5(a)
and (b). The difference in 7, between the thick and thin probe
was maximally 20%, hence only one plot of 7, is shown. The
plasma potential was determined as the abscissa of the zero-
crossing of the second derivative of the /-V characteristics

with respect to the probe voltage and also agreed very well
between the thin and the thick probe.

It can be seen that the ion density obtained using the FHP
method agrees well with the data from the respective -V
characteristics (I.P) for both the thick and thin probe regard-
less of which ion current theory was used. However, at lower
pressures when the EEDF is not Maxwellian, and probably
also anisotropic [32], the density from FHP is underestimated
up to a factor of two. The ion density determined using the
Laframboise theory fits well with the electron density data in
the case of the thin probe, however, the ion density is under-
estimated in the case of the thick probe at low pressures due
to the shadowing effect [31, 32] and at higher pressures due to
the ion collisions in the sheath. For instance at 20 Pa the ratio
of the sheath thickness calculated according to [34] and the
ion mean free path is about 0.7 for the thick probe whereas it
is only 0.35 for the thin probe. The ion density obtained using
the ABR theory is underestimated compared to the electron
density in the whole pressure range. This has been reported
also by other authors, see e.g. [35].
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Figure 6. The electron temperature (a) and ion density (according to Laframboise) (b) obtained from FHP. During the time interval
delimited by the vertical lines, oxvgen was being fed with the flow of 3 scem and an iron oxide thin film was being deposited. A fixed AC
voltage amplitude of 0.25 V was used with various frequencies. Conditions: p = 5 Pa, (4, = 100scem, I, = 300 mA.

Measurements by FHF at the presence of an insufating layer
on the probe

The results of measurements with FHP with the oxygen gas
introduced into the discharge chamber and an insulating layer
deposited on the probes are shown in figure 6. After about
453 min of deposition of the iron oxide on the probes, the
oxygen flow was turned off and the probes were cleaned by
ion bombardment in a pure argon discharge for about 3 min
when biased at — 100 V with respect to ground. A rather good
agreement of the electron and the ion density obtained after
probe cleaning with the values obtained before deposition—
less than about 20%—indicate a satisfactory reproducibility
of our measurement.

The I-V characteristics were also recorded during deposi-
tion; however, after less than 3min the characteristics were
distorted and after 10min the ion current dropped by almost
one order of magnitude. The results in figure 6 clearly show
that for longer deposition times (thicker layer) a higher fre-
quency must be utilized to satisfy the left part of the condi-
tion (8) and to obtain unperturbed data. It should be noted that
for the evaluation of the ion density, the unperturbed electron
temperature value was used. Looking at the electron temper-
ature obtained, it can be seen that at these particular condi-
tions using the thick probe at the frequencies of about 100kHz
and higher, the data can be said to be reliable even after
45 min of deposition. On the other hand the electron temper-
ature obtained by means of the thin probe is almost five times
higher than the temperature from the thick probe at the same
frequency of 150kHz. This may be explained by comparing
the quantity RsAp—the sheath impedance multiplied by the
respective probe area, which does not depend on the probe
area. This quantity is not equal for the thin and thick probe,
yet the one of the thick probe is larger. The reason is that the
ion current normalized to the respective probe area is higher
for the thin probe and the floating potential of the thin probe is
therefore more positive. From the derivative of the I-V charac-
teristics before deposition, the product of the sheath resistance
and the probe area RgA, at floating potential was evaluated
to 0.2k em? for the thin probe and 1.2k cm? for the thick
probe, respectively.

Table 1. Rough estimation of characteristic parameters Cy and
Zrofthe 1.1 pm thick Fe;O; film on the thin and the thick probe
@ 150kHz and of the impedance R; of the sheath around the probes.

Probe Thin Thick
Film capacitance C¢ 7pF 66 pF
Film capacitive reactance Zy @150 kHz 160 k{1 16 k{2
Sheath impedance R, 42 k02 23 k{}

Having in mind the self-biasing effect, these results are in
consent with the sheath resistance obtained directly at the mean
FHP potential as Vi /i1,.. After the oxygen was introduced, the
ion density decreased and the value R.A, changed to 0.3k{}
cm? for the thin probe and 1.5k{2 cm? for the thick probe. The
final thickness of the layer after deposition was roughly 1.1
pm. When treating the film on the probe as a planar capac-
itor, the capacitive reactance multiplied by the probe area at
150kHz is roughly 1k$} em? using the value of the relative
permittivity of iron oxide of 1.3 from [36]. Table 1 shows
these quantities calculated over the total area of the thin and
the thick probe, respectively. Taking into account the require-
ment (8) rewritten in terms of impedances Zr <€/ Ry <& Z; we
see that this condition is much better fulfilled for the thick
probe than for the thin probe.

We have also evaluated the data taking into account the
reactive capacitance of the film according to the model pre-
sented in [21], which are presented in figure 6. It can be
clearly seen that in our experiment after employing the correc-
tions the results are less perturbed, however, the corrections
are not sufficient. Similar results were obtained also using a
lower amplitude of the applied AC voltage of 0.15 V.

Conclusion

We have utilized the FHP method using two cylindrical probes
with different diameters in a plasma flow generated by a DC
discharge in argon. We have compared the electron temper-
ature and the electron density estimated from the FHP data with
that when the probes were applied as conventional LPs. It was
shown that the method for the electron temperature evaluation
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from the FHP using the ratio of the second to the third har-
monic current components gives a better agreement with the LP
data compared to the T, values calculated from the ratios of the
first to the second harmonic current component. That applies
in the wide range of the amplitudes of the applied AC voltage,
the operating frequency and the pressure. Furthermore it fol-
lows from our study that this method for the electron temper-
ature evaluation from FHP seems to be almost unaffected by
the sheath capacitance within the studied frequency range. The
positive ion density data evaluated from the FHP and from the
respective I~V characteristics using the Laframboise and the
ABR theory were in fair agreement. From the results during
deposition of iron oxide thin film, it followed that the thicker
probe made possible the measurements with thicker deposited
layers, i.e. when the data from the thin probe were already per-
turbed by the impedance of the insulating film and when the
conventional LP method was unusable. We plan to apply the
FHP method also during deposition of other non-conducting
materials, e.g. TiCh.
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