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Abstract. An experimental system specifically designed for probe measurement 
of the electron energy distribution fw1ction (EEDF) in a low-pressure RF dis
charge is described. A passive circuit connected to the probe when properly 
twied increases the impedance between the probe and ground thereby forcing the 
probe to follow the instantaneous plasma potential. In this manner, the RF influ
ence on probe measurements is minimized. The obtained results for EEDFs are 
presented and discussed in the frame of the current knowledge of RF discharges. 

1. Introduction 

Gas discharges between parallel plate electrodes sustained by voltages at radio frequen
cies (RF) are widely used in the microelectronic industry. They are efficient allowing 
operation at lower gas pressures. Discharge plasmas are a complicated mixture of neu
trals, ions and electrons, between which all kind of elastic and inelastic processes may 
occur. The coupling between vessel geometry, plasma structure, neutral transport and 
chemistry is complex and a systematic numerical analysis together with expe1imental 
test of the models is essential to provide insight and will help in the process design 
development and control [1 -3]. Langmuir probes, when the second derivative method 
is applied, are a powerful diagnostic tool for experimental investigation of the electron 
energy distribution function (EEDF) and its moments in RF discharges [4, 5, 7, 8]. 
This method is not based on a prior model of EEDF. The experimental study of elec
tron energy spectrum in RF plasmas is important for understanding physical processes 
especially in complicated chemically reactive ionized media. Due to the complexity of 
the calculations in a space-time variable RF field, the Boltzmann equation treatments 
require significant simplification. But, it should be stressed, that there is no plasma 
diagnostics method other than the probe diagnostics where the danger of incorrect 
measurements is so great [4]. Even small errors in the measurements of the current-
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voltage probe dependence can result in enormous dist01iions in the EEDF which is 
found from the differentiated probe characteristics. Thus, it is very important to fulfil 
the basic requirements of regular plasma probe diagnostics for accurate measurements 
of the EEDF. 

In the last years, the probe diagnostic applications result in some contradictions in 
plasma parameters obtained at apparently similar discharge conditions. These contradic
tions are those of a consequence of differences in measuring systems, and uncertainties 
in defining the RF discharge conditions. For that reason tl1e problem associated with the 
optimal conditions for the application of the probe diagnostics method is extremely im
portant. The use of the proper arrangement of probe experiments in plasmas sustained 
in RF fields should be considered as no less important than the results themselves . 

An additional difficulty arises due to the perturbing effect of the RF field on the probe 
measurements. The time-varying cuITent collected by the probe shifts the apparent
floating potential to more negative values, thus leading to dist01iion of the probe char
acteristic and its second ·derivative [5, 9]. To obtain reliable results, the high frequency 
modulation of the plasma probe voltage drop has to be limited. Different passive and 
active compensation methods have been applied to minimize this influence [5 , 9- 14] . 

In the present article an experimental system specifically designed for probe mea
surements in low-pressure RF discharges is described. The system is designed to re
duce the many problems inherent in EEDF measurements in RF glow discharges and 
to provide continuous monitoring of the electron energy spectrum during the discharge 
operation. To avoid the high frequency field influence on the probe measurement, a 
passive method of compensation is applied. The problems concerning the fulfilment of 
the requirement for good quality probe experiment are accentuated. 

2. Experimental Setup and Procedures 

2.1. Vacuum system and excitation apparatus 

The experin1ental arrangement for the plasma production and probe method is shown 
schematically in Fig. 1. The plasma device consists of parallel plate aluminium elec
trodes with 10 cm diameter and electrodes separation L = 3 cm. The chamber is evac
uated down to 10- 4 Torr by means of a diffusion pump, while for some range of 
pressures the dynamical vacuum during normal discharge operation is obtained by a 
rotary pump. The gases (Ar and N2 ) are introduced sideways at a low rate to ensure that 
at all pressures the gas residence time in the discharge is sufficiently high. RF power 
(between 10 and 30 W) at a frequency of 27 MHz is fed to the discharge through a 
matching network composed of a capacitor C s and inductance L s . The bottom electrode 
is grounded while the top electrode is driven via the Cs L 5-circuit. The discharge was 
allowed to operate for a while before the measurements were made in order to ensure 
steady discharge operation and minimum gas contamination. 

The total RF power P dissipated in the discharge is determined by measuring 
the discharge current fcti sch· RF applie<!_ vol!£1ge Uctisch and the phase shift <p between 
- d - - IctischUctisch COS <p . -
Ictisch an Uctisch according to Pctisch = 

2 
. The discharge cuITent Ictisch is 
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obtained by measuring the voltage across precise inductorless resistor (3 D) connected 
in series with the discharge. The RF voltage and phase shift cp were measured by a 
two-beam oscilloscope (with high input impedance for the frequency used). 

2.2. Langmuir probe technique 

The Langmuir probe technique has been treated in a number of books and reviews 
[ 4-6). Here, a discussion concerning the adopted solutions essential to the technique 
employed follows. 

2.2.a. Langmuir probe arrangement 

The probe is made of 50 µm tungsten wire with length 5 mm. It is located centrally 
within the discharge with its tip parallel to the electrode surface. The probe is introduced 
into the discharge by an ultra Ton- feed through glass connector. The tungsten probe 
holder is enclosed in an insulating quartz capillary tube of 0.8 mm diameter. Prior to 
each Langmuir probe measurement, the probe was cleaned by operating it in strong 
electron saturation regime and allowing the tip to glow red hot. 

It is well-known that for a good quality probe experiment, special attention should 
be paid to the correct application and limitations of traditional probe technique. The 
probe must be small enough so as not to affect the ionization, energy balance, and 
the discharge cun-ent distribution in the surrounding plasma. Note that not only the 
collecting tip of the probe but also the insulated probe holder adjacent to the probe tip 
should be sufficiently small. A general requirement for Langmuir probe application is 
the occun-ence of a collisionless electron motion around the probe, i. e. 

(1) 

where Rp and Rh are the probe tip and probe holder radii respectively, Ao is the Debye 
length and Ae is the electron mean free path. An estimation for the values of Ao and 
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Ae under conditions considered are given in Table 1. Since inequalities (1) have been 
fulfilled in our experimental setup the probe diagnostic technique was used. 

Table 1. Electron mean free path and the Debye length in argon and nitrogen RF discharges at 
various gas pressures 

Gas 

p (Torr) 
>.., (cm) 

Ao (cm) 

0.2 
0.4 

8x 10- 3 

Argon 

0.6 
0.07 

I x 10- 2 

Nitrogen 

0.4 
0.08 

7x 10- 3 

2.2.b. Probe method for measuring the electron energy distribution function 

The EEDF is associated to the second derivative of the current- voltage probe charac
teristics by the well-known Drnyvestein formula [ 15]: 

d2 I F(c:) 
- - ex --
dU 2 y"'i 

c: = -eU , (2) 

with U = Up - Us being the probe potential Up with respect to the plasma potential 
Us. F (c:) is defined by F (c: ) = nf0 (c: ) with n being the electron number density and 
f 0 (c:) being the function that constitutes the isotropic part of the EEDF in the solution 
to Boltzmann equation by expansion in ~pherical hannonics [16]. Relation (2) is valid 
for any isotropic or weakly anisotropic velocity distribution of the electrons. Thus the 
second derivative is directly proportional to f 0 ( c:): 

d2J 
fo (c) =constd U2 . (3) 

For the measurement of the second derivative a modulation technique has been em
ployed [17. 18]. The low amplitude sinusoidal signal applied to the probe in this method 
is a sum of two signals with frequencies w1 and w2 . Due to the nonlinearity of the 
probe characteristic the probe current is modified. When the current is expanded in a 
Taylor series, the second derivative is proportional to the current spectral components 
of frequencies (w1 - w2): 

(4) 

Note that the amplitude of (4) contains higher-order tenns, but at small currents their 
contribution can be neglected. 

The contribution of the second derivative of the ion current may be neglected in 
the energy interval !:le;= (5 - 6) (c) ((c) in the mean electron energy) [4] . Assuming an 
average electron energy of 3- 4 eV, one limits the upper value of the energy interval in 
the measurements of the EEDF to about 15 eV. The value of the plasma- space potential 
which is necessary to obtain the zero point of the energy scale is taken at the position 
of the zero-crossing point of the second derivative [ 4, 5]. 
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The measured second derivative of the probe current is obtained by taking Ut = 

fpRpt + UP instead of U in :~~ in relation (3). Consequently a significant source of 

error in detennining the EEDF arises due to the neglecting the plasma resistance Rpt· 

Assuming a Maxwellian distribution, this error is estimated to be of the order 
1 ~~P 

[13]. For experimental conditions considered the error is between (5 - 10) % for the 
energy interval 0- 2 eV. 

The experimental setup for the cross modulation technique is given in Fig. l [18]. 
The measurements have been performed by means of a computer controlled data
acquisition system and a programmable power supply. The sum (I:) of two low am
plitude sinusoidal signals (w1 + w2 ) is superimposed upon the DC probe voltage by 
applying to the noninverting input of the operational amplifier (A). The DC voltage 
from a PC controlled DAC is applied to the inverting input of A. The signal with 
frequency (w1 - w2 ) from the mixer (M) isolated by a band-pass filter (BPF) is used as 
a reference signal for the Lock-In Amplifier. The probe current is measured (through a 
differential amplifier (DA)) as the potential drop across a precise resistance R (which 
can be changed between 8 and 100 D). The PC controls two channels of incoming 
infonnation. The 12-bits ADCl converter follows the DC part of the probe current, 
while the ADC2 (12-bits) that proportional to its second derivative obtained from the 
output of the Lock-In Amplifier, which perf01ms functions of filtering, phase sensi
tive detection and noise integration. The grounded metallic bottom electrode of the 
discharge acts as a reference electrode for the probe circuit. Due to the use of the 
band-pass amplifier (placed in front of the Lock-In Amplifier) a modulation amplitude 
of a = 0.5 V was sufficient to obtain a dynamic range of nearly three decades for the 
second derivative. 

2.2.c. Langmuir probe in RF discharge 

RF plasma potential oscillations are a well-known source of error in the probe mea
surements. A conunon problem for probe measurements is the RF interference with the 
nonlinearity of the probe sheath. As it is shown in Fig. 2, the asymmetrically driven 
RF discharge has a large second harmonic. Therefore a care for compensation of the 
RF field influence should be taken. 

Fig. 2. Plasma potential spectra for an asym
metric RF discharge 
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A. Nature of RF interference 

Since the probe is negative with respect to the local plasma potential at all instants 
during the RF cycle, the expression for the instantaneous probe current may be written 
as 

j(l) = Je(t) - Jp - Jd(t) 

where Je, Jp are the electron and the positive ion currents collected by the probe. The 
displacement current Jd is 

where Sp and Sh refer to the plasma contact areas of the probe and the probe holder. 
E is the electric field at the surface, and t:o is the permittivity of free space. When the 
expressions for the currents are time-averaged the following results are obtained: 

(j) = (je) - (jp) - (jd) 

where 

T 

( .) _ eSpnV1h J (e(Up(t) - Us(t))) d 
)e - 4T exp Te t 

0 

Here, v1h is the electron thennal speed, Te is the electron temperature (eV), T is the 
period of the RF cycle, e is the electronic charge. The assumption for a Maxwellian 
distribution is taken into account. It should be mentioned that the instantaneous electron 
current ]e(t) depends on the instantaneous sheath potential. Both the probe and plasma 
potentials are periodic and may be represented as follows: 

Up(t) = Up~C + UpAc(t) 

Us(t) = Usoc + UsAc(t) . 

Then the time-averaged electron current may be expressed as: 

( .) ~eSpnV1h (e(Upoc-Usoc)) 
Je = 4T exp Te 

where ~ is a coefficient of dimension of time. 
When the RF voltage across the sheath is sinusoidal 

UpAc(t) = ugAccoswt 

UsAc(t) = us0AC cos wt' 
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the analytical expression for ~ is 

T. 

The function Io, being the modified zero-order Bessel function, determines the con
dition 

e ( ugAC - Us~c) eU~ 
-~---~- = _s_h « l 

Te Te ' 
(5) 

for a weak influence of the RF field on the probe measurement [5, 13 , 14]. 
As seen, due to the nonlinearity, the RF modulation is not canceled out by averaging 

and leads to an increase of the electron current (in general ~ > T) at certain probe 
voltage. This increase can also be interpreted as a shift of the whole characteristic to 
more negative voltages. 

B. Compensation of the RF field 

Several techniques have been developed to minimize the RF voltage across the sheath, 
either by driving the probe with RF voltage, or by increasing the impedance between 
the probe and ground, so that the probe tip automatically follows the time-varying 
plasma potential [5, 9- 14]. When the active method of compensation is used, the RF 
signal applied to the probe is adjusted in amplitude and phase to match the local time
varying plasma potential, so that only a pure DC bias exists between the probe and the 
plasma. This approach was first suggested by Mosburg, Kerns and Abelson [12] and has 
since been implemented successfully for measurements ofEEDF in RF discharges [10 -
14]. But some drawbacks of this method should be mentioned. The hannonics of the 
fundamental frequency, generated by the plasma in RF discharge are not compensated 
by the active method. Another drawback is the complex experimental arrangement. 
Typically an attenuated signal from the powered electrode is passed through a variable 
phase shifter and then amplified with variable gain, before being applied to the probe, 
thus a distortion of the compensating signal itself should be kept in mind [13, 14]. 
Both the phase and the amplitude have to be adjusted so that the floating potential of 
the probe is maximized. 

Another method for active compensation is by using two probes [10, 11]. One probe 
functions as the Langmuir probe, while the other acts as a high impedance voltage 
probe that is used to sample the instantaneous plasma potential. The sampled voltage 
is fed to a unity gain amplifier (a follower circuit), whose output is connected to the 
Langmuir probe. In this manner, the RF voltage across the probe- plasma sheath is 
reduced to very small values. 

The RF voltage across the sheath can be minimized by applying a passive method 
of compensation. In contrast to the driven probe technique, it requires substantially less 
hardware to implement and yield undistorted characteristics. 
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Fig. 3. Equivalent circuit for the tuned Langmuir probe 

The equivalent circuit of the tuned probe is shown in Fig. 3 (18]. Three points are 
marked on the figure: point G is the reference (ground) electrode; point P is associated 
with undisturbed plasma and point C marks the surface of the probe. The voltage 
source Vp represents the RF voltage existing between plasma and ground. This potential 
oscillation is partitioned through the probe-to-ground Zs and the probe-to-plasma Zp 
impedances. Minimization of RF plasma potential across plasma-probe sheath requires 

minimization of the ratio Zp. Zs is increased by putting RF filters (in Figs 1 and 3, 
Zs 

Q1 , Q2 , Q3 ) tuned to the first and second hannonic of the RF discharge excitation. 
The capacitor Cs indicates the fact that the wire between the probe and output circuit 
appears as an antenna. Thus for high Zs, Cs should be minimized. For that reason Zs 
is increased by lowering as much as possible stray capacitances by shortening the path 
between the probe and filters and using thin wires. The filters Q1 and Q3 (parallel 
resonance circuit) are tuned at parallel resonance frequency (54 MHz) while Q2 is 
tuned at Jo = 27 MHz. 

Because of their low own capacitance, their resonance frequency depends on the 
length of the wires as well as on the surrounding bodies. Therefore an additional tuning 
is provided through a movable ferrite-core after any change in discharge-arrangement 
geometry has been made. 

The inductors are of cylindrical fonn with a diameter Dr = 4 mm and a length Lr = 
10 mm. Their inductivities may be changed in the interval 1- 10 µH, the capacitors C 1 

and C3 are equal to 3.3 pF, and C2 is of 5 pF, respectively. 

Taking into account the requirements for short connectors, the RF filters are put 
directly near the discharge being in such a way subjected to a great electromagnetic 
influence. Therefore the whole filter block is placed into an electromagnetic screen, 
connected with ground electrode. All connections between the probe and the filters , as 
well as between the filters and other devices are entirely coaxial. 

The impedance Zp is mainly determined by the probe capacitance including the 
probe holder. Zp in the experiment is iowered by coupling capacitively to the probe a 
large electrode whose big capacitance with low impedance Z (Fig. 3) shunts the probe 
sheath impedance Zsh. Thus it is possible to accomplish a shunting of the plasma sheath 
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capacitance effectively by lowering Zp (Zp = Zsh/ / Z). By changing the ratio Zp the 
Zs 

rule out of the RF potential oscillation and an approximately 80 dB rejection of the 
fundamental frequency as well in practice a full suppression of the second harmonic 
of the discharge voltage in the measured signal is guaranteed. With the discharge 
energized, resonance of the filters is detected by adjusting the inductances until the RF 
signal measured on the AC coupled oscilloscope is minimized. 

10 10 
- second derivative -- - second derivative 

8 
- - probe characteristics 

8 
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4 4 

2 2 
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Fig. 4. Effect of detuning on (a) the probe characteristics and its second derivative, (b) the 
influence of the passive compensation 
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Fig. 5. Second derivative of the probe current (N2, p = 0.4 Torr, P = 21 W) 

The effect of the RF interference on the probe characteristic and its second deriv
ative is displayed graphically in Fig. 4 [18]. The curves in Fig. 4b correspond to the 
case of perfect tuning. The curves in Fig. 4a have been obtained by progressively de
tuning of filters. The distortion of the electron collection characteristics and the second 
derivative is evident. It is obvious that a reliable determination of the EEDF from the 
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second derivative is impossible without the compensation of the RF field influence. 
As the detuning is increased, the floating potential shifts to lower values, while with 
increasing tuning, maximization of the floating potential is observed. Similar results 
for the modification of the second derivative are also obtained by other authors [5 , 14). 

As is stressed in [5], for a high-quality probe experiment, the gap between the 
maximum and the zero-crossing point of the second derivative should not exceed (0.2 -
0.3)(t:) . In this respect, as a result of the passive compensation, a gap less than 2 V (as 
shown in Fig. 5) was aimed in the experiment considered. 

3. EEDF Measurements 

The probe measurements of the EEDFs by the second derivative technique have been 
made for two different gases - argon and nitrogen. 
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Fig. 6. EEDFs measured in an Ar RF discharge at two different pressures 

Figure 6 shows how the EEDF changes, when passing from 0.2 to 0.6 Torr at a fixed 
discharge current density j = 1.2 mA/ cm 2 . 

As seen, EEDF varies considerably in shape being convex at a higher pressure 
(0.6 T01T) and concave at a low pressure (0.2 Torr). 

The EEDF at a lower pressure (p = 0.2 Torr) can be represented as a sum of two 
Maxwellian distribution as is pointed out in [5). According to Godyak et al. [5], the 
existence of two electron groups in a low pressure argon RF discharge results from sto
chastic electron heating in the RF sheaths enhanced by the Ramsauer effect. Due to the 
great temperature difference and the large Ramsauer effect in argon, these two electron 
groups have essentially different prope1iies. The low energy group with its temperature 
T1 ~ 2.1 eV close to the energy of the Ramsauer minimum has an extremely low 
electron-neutral collision cross section corresponding to a low electron- neutral colli
sion frequency Zien ~ 2.23 x 109 s- 1 and an electron mean free path ,\ ~ 3 cm which 
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is much larger than ~. The low-energy group originates from ionization provided by 

the high-energy group and oscillates collisionlessly in the weak RF field, unable to 
gain energy from the field or from the oscillating RF sheaths. The high-energy group 
(with T2 ~ 4.9 eV) effectively interacts with argon atoms in elastic, excitation and 
ionization collisions and compensates its energy losses through stochastic heating on 
the oscillating plasma -sheath boundaries. 

For a pressure p = 0.6 TolT the measured EEDF is Druyvestein like which is typical 
for an argon plasma in a DC field. The flattening of the EEDF is a consequence of 
the Ramsauer effect when low-energy electrons accelerate without collisions, thereby 
escaping the low-energy region of the EEDF. 

The results obtained confinn heating mode transition demonstrated in [5]. 
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Fig. 7. EEDF measured in a N2 RF discharge at pressure of 0.4 Torr 

Typical curve of the EEDF (with corresponding second derivative shown in Fig. 5) is 
shown in Fig. 7 for nitrogen pressure p = 0.4 Torr, and power P = 21 W dissipated into 
the discharge. The measured electron energy distribution is markedly non-Maxwellian 
having energy variations which reflects the dominant electron-N2 molecule energy 
exchange processes. A strong decrease of the curve in the energy range (2- 6) eV is 
observed. This behaviour is a consequence of the rapid rise of the cross-sections for 
vibrational excitation of N2 molecules by approximately two orders of magnitude in 
this energy interval. Thus, the obtained result is in agreement with the theoretical results 
for electron energy spectrum in a nitrogen RF discharge obtained in [19]. 
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4. Concluding Remarks 

The Langmuir probe diagnostics can be used in a parallel-plate RF discharge provided 
the proper precautions are taken. A tuned second derivative technique for acquiring 
reliable EEDF in RF argon and nitrogen discharges has been described in the present 
work. This technique uses a flexible and relatively simple experimental arrangement 
compared to the RF driven probe technique. EEDF has been infeITed from probe mea
surement in Ar and N 2 over a range of pressures and discharge current densities. The 
EEDFs transition obtained by changing the pressure in Ar is in good agreement with 
the result obtained in [5] at similar discharge conditions. 
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