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Collected current versus applied voltage(I-V) curve of Langmuir probe in RF plasma is severely distorted by
RF fluctuations leading to overestimation of electron temperature. RF compensation circuit has been used to
obtain the undistorted I-V curve, yet it produces time-averaged one. A new and simple method is proposed
to get time-resolved I-V curve by picking the synchronized RF signals with digital oscilloscope and Labview
program. This technique is tested in magnetized helicon plasmas and unmagnetized capacitive coupled RF
plasmas

c© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Although it is one of the oldest diagnostic techniques, complete theory for an electric(Langmuir) probe is still
developing and attempts to use it for various plasmas, such as thermal plasma, atmospheric plasma, fusion plasma,
space plasma, and micro plasma, are still under development[1-3]. Electric probes in RF plasmas tend to pickup
RF fluctuation of plasma potential, while those in microwave plasmas do not show this trouble due to decouple
of high microwave frequency from probe circuit. Since RF generated plasma has RF fluctuation of plasma
potential, filtering or compensating method is used to acquire undistorted I-V curves. Without elimination of
RF fluctuation, measured electron temperature shows higher value than real one. Even if main RF fluctuation is
filtered or compensated, exact plasma parameters could not be obtained without eliminating higher harmonics of
fluctuation[5].

Measurements of the electron energy distribution function(EEDF) using compensated probes have been tried
and reported non-Maxwellian EEDF in helicon plasmas[5]. The non-Maxwellian EEDF of high energetic tail is
considered as evidence of Landau Damping heating mechanism, which was adapted to explain high efficiency
of Helicon discharge by Chen[6]. However, the Landau Damping hypothesis was discarded by Chen himself[7]
and the experimental evidence of non-existence of high energetic tail in helicon discharge was given with time-
resolved electron energy analyzer[8]. Blackwell and Chen pointed out that although RF compensation probe
could give more realistic EEDF, it can not prevent the averaging of EEDF fluctuation itself and small fluctuation
of EEDF in high energy region could cause significant change in I-V curves[8]. To avoid averaging of EEDF
fluctuation itself, they measured an instantaneous EEDF at specific RF phase by using grid electron energy
analyzer, with elimination of the displacement current. According to Blackwells calculation the displacement
current can cause overestimation of population of high energetic electrons. However, the measurement of EEDF
has been done without careful consideration on resolution of probe measurement circuit, and effect of ion current.
In this paper, a new simple technique is proposed, by which undistorted I-V curves is obtained without filtering
or compensating circuit. This is based on the fact that the displacement current is zero when the RF fluctuation
voltage is maximum or minimum and undistorted I-V curve can be obtained at synchronized fixed phases during
RF fluctuation by sampling the maximum or minimum point of oscillating current waveform.
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2 Theory

To acquire undistorted I-V curves in RF plasma, total current to the probe must be carefully analyzed and relative
amplitudes of current components (electron, ion and displacement currents) must be examined because current
of high energetic electron is so small that it can be hardly distinguished one from other components of current.
Probe current in RF plasma can be given as the followings:

I(Vb, t) = Ii(V ) + Ie(V ) + Csh(V )
dV

dt
, (1)

where V = Vdc + VRF sinωt − Vb , Vdc is the dc plasma potential, VRF is the amplitude of RF fluctuation, Vb

bias voltage of probe and Csh is the sheath capacitance. The electron (Ie), ion(Ii) and displacement currents (Id)
can be given as the following:
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Ii(V ) = ζen0A
√

kTe/Mg(V ), (4)

where f(v) is the electron distribution function, ζ=0.61 and 0.49 for unmagnetized and magnetized plasmas,
respectively, and g(V ) is a function of bias voltage describing the increase of ion saturation current with bias
voltage. If probe is an ideal planar probe, there would be no increase of ion saturation current, but the non-planar
geometry of probe causes expansion of collection area due to increase of sheath thickness. Function g(V ) would
have form of V α and the α is given as 0.5 in case of highly negative bias voltage and 3/4 in region of Child-
Langmuir sheath, although it can be changed into an arbitrary value between 0 and 1 depending upon plasma,
neutrals and bias conditions. The change of ion current during the RF phase could cause distortion of EEDF
rather than displacement current. However, there has been no consideration on this effect.

In case of Maxwellian distribution, f(v) is sharply decreased with v. Due to the sharp change of electron
current and digitizing limit of measurement device there is intrinsic limit on measurable energy range of EEDF.
The intrinsic limit could be calculated from ratio of electron saturation current to high energy electron current,i.e.,

� =
∫ ∞
√

2V/m

vf(v)dv/

∫ ∞

0

vf(v)dv, (5)

where � is given from the digitizing number of measurement device. Most oscilloscope has 8-bit resolution
with 8 vertical division, � = 1/(8 × 28) = 0.0005, and maximum energy range of EEDF measurement is
given as 7.6Te with Maxwellian assumption of EEDF. However, the maximum resolution is not available in
real experiments and about 7Te is reliable region or � = 1/(4 × 28) = 0.00097 is reasonable resolution. For
this reason, to get an exact EEDF, high energy electron current should have larger value than 0.1 % of electron
saturation current. Because the displacement current could have comparable magnitude with electron current and
ion current, the removal of displacement current and ion current should be done with care. Parallel resonance
filter has impedance of ZEQ = Q × XL and the practical magnitude is less than 125kΩ[9]. In that case, one can
not expect complete elimination of RF signal because current read resistance is about 1k and this could cause
error of 1%, which is larger than that of displacement current. As mentioned, error range should be less than
0.1% to acquire a EEDF of 7 Te energy range. This could be overcome by increasing equivalent impedance
of resonance filter or by using small road resistance, however, small road resistance could cause other error of
measurement circuit. Figures 1 and 2 show the ratio of charge current with displacement current and current
wave form of probe current with RF phase, respectively.

As shown in Fig. 2, effect of sheath displacement current is not easy to discriminate from the collected probe
current and the oscillation of ion current makes it more difficult. However, there are two points of real electron
current, i.e. when dV/dt =0 measured electron current shows same value with real instantaneous electron current.
From this, undistorted I-V curve can be recovered from the minimum point of instantaneous probe current with
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Fig. 1 Ratio of displacement current with
electron and ion current in the region of rea-
sonable EEDF measurement. (Te=3eV, n =
1013cm−3, Vp=36V, Helium plasma)

a) b)

Fig. 2 (a) is the calculated instantaneous probe current wave form with RF phase and (b) shows the distortion of electron
current at the region of high energy EEDF. (Te=3eV, n = 1013cm−3, V p = 36V, VRF = 6V , Helium plasma).

RF phase without any filters. However, there is harmonics in RF plasmas and plasma potential should be regarded
as following.

Vp = Vdc +
∑

Vrfksinωkt − Vb . (6)

In this case, electron and ion current has the following forms:

Ie(Vb, t) = Ie0(Vdc − Vb) × exp(
∑

Vrfksinωkt) , (7)

Ii(Vb, t) = Ii0(Vdc − Vb) × g(
∑

Vrfksinωkt) . (8)

Although RF harmonic component makes instantaneous probe current waveform very complicate, it is still
possible to get undistorted I-V curve from those values at the peak points because displacement current is zero
when Ie(Vb, t) has a maximum amplitude i.e. dIe/dt = 0 when Id = 0.

There are two ways to get extrema points of probe current. One is, as shown in Fig.2 (a), to get the many
instantaneous current waveforms with stepwise increase of bias voltage and to make I-V curves from the step-
wise bias voltages and the minimum points of the current waveform(in-phase measurement). The other is using
peak detection method of oscilloscopes. Although the in-phase measurement is unique way to get undisturbed
EEDF, stepwise increase of bias voltage take much time and at least 30 minute is required to acquire one I-V
curve. However, the instantaneous probe current waveform has only one point to be used for I-V curves, it dose
not necessary to get a full current waveform during the RF period. By using peak detection mode of measure-
ment device, we can get an undistorted I-V curve without any filter circuit. To pick maximum point, sampling
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a) b)

Fig. 3 (a) Electron current and displacement current. Electron current has maxima value when Id = 0. (b) 1st, 2nd and 3rd
harmonic RF fluctuation.

frequency should be much faster than RF period but not so fast to acquire enough maximum points within sweep
frequency of bias voltage. However, most measurement devices can not meet the needs due to lack of memory
storage and low sampling rate.

To sample RF fluctuation, appropriate aliasing signal is used to reform RF fluctuation signal. Usually aliasing
is considered as a false signal, which is generated when the frequency of measurement signal is larger than
the Nyquist critical frequency, which is defined as fc ≡ 1/2∆ where ∆ is the time interval between consecutive
samples and the reciprocal of is called as sampling rate. In RF plasma measurement using Langmuir probe, the RF
fluctuation signal has harmonic of the RF power frequency. In that case, we can recover the RF fluctuating wave
form with much slower sampling rate. Usually aliasing signal of RF is considered as noise. But with appropriate
sampling rate, RF wave form can be recovered with very low frequency. If sampling time is expressed as the
integer times of RF period, only same amplitude of signal would be acquired. But if there is small difference
between the sampling time and the integer times of RF period, acquired signal would have a same waveform
of RF signal. Sampling frequency can be determined as ∆a = 1/(frf/n + δ) where frf is RF frequency, n
is a system integer that depends on the data acquisition system, and δ−1 is the small difference between the
sampling time and the integer times of RF period. Here δ can be determined as δ =

(
N
m − 1

n

)
, where N is

the number of sampled point in one period of aliasing signal and m is the arbitrary integer. If the RF source
frequency is 13.56MHz, then 13.5599kHz, sampling frequency, would be enough. Figure 4 is the example of
aliasing sampling of RF waveform. In Fig. 4, (a) is a source signal which is represented summation of sine wave
of RF frequency, 13.56MHz, and its second harmonic, 27.12MHz. And (b) is showing aliasing signal which is
sampled with sampling rate of 13.5599kHz.

3 Experiments and Results

Test of the peak detection method was done in unmagnetized capacitive coupled plasma(CCP) and magnetized
helicon wave plasmas(HWP). The CCP source has 1.2kw RF power with 13.56MHz and floating potential of the
RF generated plasma is given in Fig. 5. As shown in Fig. 5, real RF signal is well reformed with low sampling
rate and Fig. 6 is the I-V curves of peak detection method. In Fig. 6 dotted line and line of (b) are showing
undistorted I-V curves. Measured electron temperatures are 2.7eV and 2.0eV, respectively, which shows about
30% difference between the two, with different energetic electrons.

Test of peak-detection measurement was done in helicon plasma source, which is generated by 13.56MHz
and 1.2kW RF power supply. The helicon plasma was generated with experimental condition of 20mTorr he-
lium, 500W RF power and 412G magnetic field of axis. From the peak-detection measurement I-V curves were
obtained as Fig. 7, which shows relatively clean and reasonable one comparing with distorted ones. Deduced
electron temperature are 5.9eV from lower peak(Vf = 8.7V ) and 6.0eV from higher peak(Vf = 13.1V ) which
gives reasonably matched value, comparing those without magnetic field.
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Fig. 4 (a) is a source signal which is represented summation of sine waves of RF frequency, 13.56MHz, and its second
harmonic, 27.12MHz. (b) is aliasing signal which is sampled with sampling rate of 13.5599kHz.

Fig. 5 Real RF Signal and Alias-
ing(Sampled) Signal: Real sig-
nal is taken with 50MHz sampling
and Aliasing signal is taken with
4.993khz sampling frequency.

4 Conclusion

A new method of probe measurement in RF plasma is introduced without using RF compensation circuit. Al-
though, the previous techniques of resonance filter and RF compensation probe could give more precise value

Fig. 6 Undistorted I-V curves measured by peak detection method.
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Fig. 7 Peak detection of magnetized RF plasma.

than uncompensated one, the compensation technique could give time averaged value only. The time averaged
I-V curve will produce distorted EEDF due to displacement current. The only way to overcome this obstacle is
to measure time resolved I-V curve (in-phase measurement). By using the peak detection method, time resolved
I-V curve can be obtained simply. The peak detection method, in-phase measurement, could give more precise
I-V curve. Test results of the new technique are given in unmagnetized and magnetized RF plasmas.
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