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The Langmuir probe technique has some drawback in applying to electronegative plasma since it is difficult to
interpret the probe I — V' data. The positive ion flux to the probe is modified due to the presence of negative
ions. In this study, an inductively coupled oxygen RF plasma is employed to perform the Langmuir probe
measurement of the electronegative discharge. Plasma parameters are obtained from Langmuir probe measure-
ment using two different methods which are based on electron energy distribution function (EEDF) integrals,
and the method based on the fluid model for the modified ion flux, respectively. The EEDF is measured by a
double differentiation of the I — V' characteristics according to the Druyvesteyn formula. The electron densities
estimated based on the two methods are compared. The EEDF integral method gives little higher values than
the modified ion flux method. It is observed that at low pressure the EEDF is close to a Maxwellian. Gener-
ally, as the pressure increases, the distributions switch to bi-Maxwellian and to Druyvesteyn, and suggest some
depletion of electrons with larger energies.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Negative ions are found in electronegative gases such as oxygen, chlorine, S Fg, and fluorocarbons which are
used extensively in discharges for various applications of plasma processing. The presence of negative ions com-
plicates the discharge phenomena. Negative-ion sources can be applied to charging-free ion implantation in semi-
conductor manufacture, and negative-ion assisted etching is found to reduce the charging of substrates [1]. There
is considerable scientific and technological interest in electronegative plasmas [2, 3] and so in the determination
of negative ion density [4—6]. Langmuir probes [7], photodetachment [4, 5], and laser Thomson scattering [8]
are diagnostic tools for investigating negative ions in plasma . Among these, Langmuir probe technique is sim-
ple, inexpensive and provides the spatial resolution of plasma parameters. There has been an increased demand
to determine the plasma parameters (charged particle densities, sheath width, electron temperature, and plasma
potential) for electronegative plasmas. The operating regions of electronegative discharges were classified in
the entire control parameter space [9]. The discharge properties such as the ratio of the negative ion density to
the electron density, the spatial profile of charged species, and the prevailing particle loss mechanism (volume
recombination loss or ion flux loss to the wall due to diffusion)also depend on the operating region. In a previ-
ous paper [10], we explored the scaling relations for a low power region, and observed that the experimentally
measured scalings of the charged species are in agreement with the predictions of the spatially averaged global
model [2]. We observed the scaling laws to hold in a medium power region [11, 12]. However, in those studies,
we estimated the positive ion density directly from the positive ion saturation current assuming that the positive
ions have the normal Bohm velocity. In this paper, we reexamine the plasma parameters such as the densities of
charged species, electron temperature, and electron energy distribution function over the range of pressure and
power that is typical of those used currently in the industry. Plasma parameters are obtained from the standard
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Langmuir probe method. However, the determination of the electron density is performed in a little different way
than usual method applicable to the electropositive case. Although the Langmuir probe technique provides in
nature very rough estimation and the analysis of the probe data is difficult, the probe method is used widely in the
processing plasmas because of easy handling and low expense. The main issue lies in the modeling of the positive
ion flux to the probe for electronegative plasmas. The interpretation of I — V' characteristics of the Langmuir
probe will be performed by two different methods. The first one is a method based on electron energy distribution
function (EEDF)integrals. The second one is based on the fluid model for the modified ion flux since the probe
ion current is modified due to the presence of negative ions. The ion saturation zone of the I — V' characteristics
of the probe is increasingly used in plasma diagnosis. The current drained by the probe in this zone is very small
and reduces the perturbation that the measurement causes in the plasma. To implement a proper probe theory,
one has to solve Poisson’s equation for the electric potential everywhere from the probe surface to r = oo. This
method using the modified ion flux also assumes that electrons and negative ions follow the Boltzmann energy
distribution. This model allow us to obtain the profiles of electric potential, positive ion flux, positive ion density
in the sheath, and I — V characteristic curve of the probe. The estimated density values of electrons by these
two different methods are compared with each other. In this study, an inductively coupled oxygen RF plasma is
employed as an example of electronegative discharge since oxygen plasmas have found numerous applications
in plasma processing such as plasma enhanced chemical vapor deposition, reactive sputtering, dry etching of
polymer, oxidation, and resist removal of semiconductor. For simplicity, we consider that electronegative plasma
consists of three charged species, which are positive ion,negative ion and electron.

2 Two Methods to interpret Langmuir probe Data for electronegative plas-
mas

2.1 EEDF integral method

The second derivative of the measured probe current, I, is related to the electron energy distibution func-
tion(EEDF), f(e¢), as follow:

om [ 2V \ 2
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where e is the electron charge, S is the probe area, m is mass of electrons, V' is the probe potential referenced
to the plasma potential (space potential), and € is measured in units of eV. The electron density and the effective
electron temperature are calculated with the measured EEDF as follows:

Ne = / fe)de, Tefr = 2 / ef(€)de, 2)
0 3ne Jo

where €,,4, 1S determined by the dynamic range of the EEDF measurement. The electron temperature can also
be determined from the slope of the probe In(I) — V' curve in the exponential region ( from the point where
the probe current is zero to where the slope of the curve begins to decrease). We observe that the both methods
yield almost same values of the electron temperature. The EEDF integral method has been used to obtain plasma
parameters for many processing plasmas utilizing molecular gases [13, 14].

The probe current I consists of the electron current and the negative ion current. If both species are Maxwellian,
the currents of each in the exponential region are written as

T, 1/2 T 1/2
Ie(vp) = eSTLe ( ﬂ_e ) e_e(v,;—Vp)/Tg7 I7 (‘/;3) = eSni (W) e—e(VS—Vp)/Tﬂ (3)

where n. and n_ are the electron density and the negative ion density, 7. and 7_ are the temperature of the
electrons and negative ions, V, and V), are the space potential and the probe voltage, M_ is the mass of the
negative ion. Differentiating equation (3) n times, we have [15]
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where « = n_/n. andy = T, /T_. Since under the circumstances considered in this study, we have 5 < y < 50,
and 0.05 < a < 1 (weakly electronegative), the negative ion peak I” is expected to be on the electron peak I/
a little below V5. But, the magnitude of I” is small compared to I”. I™ becomes comparable to I as a higher
derivative is taken. Thus, equation (1) can give the electron energy distribution function.

2.2  Modified Bohm Flux Method

The presence of the negative ions complicate the characteristics of the probe I — V curve. The negative ions
contribute to the probe current in the exponential region, and the amount of the contribution gets larger when the
probe voltage approaches to the plasma potential. The ion saturation zone of the I — V characteristics of the
probe is increasingly used in plasma diagnosis [16]. The current drained by the probe in this zone is very small
and reduces the perturbation that the measurement causes in the plasma. The sheath structure and the motion of
positive ions within the presheath are modified when negative ions are present. The precise values of positive ion
density and ion velocity at the sheath edge should be formulated. The positive ion current to the probe is written
as

I, =eSTs(a, 7y, ne), (5)

where T's(a, v, ne) = nysv4s is the modified Bohm flux, n, s and v ¢ are the density and velocity of positive
ions at sheath edge when negative ions are present [17, 18]. In the numerical calculation of the positive ion flux,
the positive ions are modeled as a cold, collisionless fluid, while both the electron and negative ion densities
obey Boltzmann relations. The positive ion flux is calculated along the distance from the plasma bulk region to
any arbitrarily small distance near the probe edge using a set of coupled equations including the steady state fluid
equations of continuity and motion for the positive ion, Poisson equation with Boltzmann electron and Boltzmann
negative ion [3, 18]. The equations are one-dimensional assuming no orbital motion of the ion. The ions are all
drawn radially into the probe. This theoretical model of the positive ion flux for cylindrical and spherical probes
has been developed [19]. Especially, in this model, the I — V' characteristic curves of the cylindrical Langmuir
probe can be obtained and compared with the experimental curve, which can give the estimation of «, v and the
electron density. The theoretical I — V' curve can be drawn in terms of the normalized parameters (1 and I);

ao T 0 JiD eV A
T Ap’ ©engocs Jp = 27Ap’

I =ax, (6)

where Ap is the Debye length, I, = 2w erny v, is the positive ion current to the cylindrical probe per unit
length, n_ ¢ is the positive ion density in the bulk, ¢, is the Bohm velocity, and r, is the radius of the probe. The
parameter a depends on z, which in turn depends on the electron density to be determined. For each assumed
value of I (normalized probe current), the set of equations including Poisson’s equation can integrated from
2 = 00 to any arbitrarily small z. The point on the curve where x = z,, gives the normalized potential 7, for that
value of /. By computing a family of curves for different I, one can obtain I — 7, curve for a probe of radius
xp. For a selected values of I and 7, on the measured probe characteristics we have to estimate x,,. The electron
temperature is supposed to be determined from measuring the slope of the probe I — V curve. Then it is possible
to determine the electron density, o, and ~. Using a density balance between negatively and positively charged
particles given by n. + n_ = n4, we can estimate the positive ion density [15].

3 Experiment

The plasma generation chamber consists of a stainless steel cylinder with a diameter 28 cm and a length of 30
cm. A 1.9 cm thick by 27 cm diameter tempered glass plate mounted on the one end separates the planar one-
turn induction coil from the plasma. A schematic of the planar inductive plasma source and Langmuir probe
diagnostics system is shown in the previous paper [20]. A cylindrical Langmuir probe made of tungsten with
diameter 1 mm and length 3 mm is used to measure the plasma parameters. The plasma chamber is evacuated by
a turbomolecular pump (TPU 520) backed by rotary pump (DUO 30A) giving a base pressure of 9 x 10~7 Torr.
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The equilibrium gas pressure in the chamber is monitored with a combination vacuum gauge (IMG 300). The
operating gas pressure is controlled by adjusting the mass flow controller. The flow rate of the oxygen gas has
the range of 1 - 60 sccm. The oxygen gas pressure is varied in the range of 1 - 40 mTorr. The induction coil is
made of copper (with water cooling) and connected to a L-type capacitive matching network and a RF amplifier
(KALMUS 137C). The Langmuir probe is powered by a bipolar operational power supply amplifier (BOP 200-
1M). A triangle ramp wave, swept from -50 to +50 V at 300 Hz is fed into the bipolar operational power amplifier
from a ramp generator (HP33120A). The current measurement is done across a 200 2 resistor placed between
the common and ground outputs of the BOP amplifier. The current and voltage signals are collected on a TK420
digitizing oscilloscope. Experiments were conducted at several pressures and powers. In order to allow the
chamber to reach an equilibrium, the plasma was turned on and allowed to run for an hour before taking any
measurements. The obtained probe I — V' data are analyzed by two different methods stated above.

4 Results and Discussion
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Fig.1 a) Comparison of the experimental I — V' curve of the probe for Py, =300 W, p = 26 mtorr with a theoretical I — V'
curve. b) Comparison of the experimental I — V' curve of the probe for P,s = 700 W, p = 4 mtorr with a theoretical 1 — V'
curve.

Figure 1a) shows the comparison of the experimental / — V' curve of the probe for Pyps = 700 W, p = 4 mTorr
with the theoretical I — V' curve. In the case shown here, x,, is 1.145, the values of « and «y are found to be
about 0.1 and 15, respectively. As was anticipated, the oxygen discharge is weakly electronegative. Stamate et
al. estimated the negative ion temperature by using a test function method for a multipolar magnetically confined
oxygen plasma with pressure of 0.5 - 10 mTorr [21]. The ratio was in the range of 10 - 50, and its dependence
on the pressure and the discharge current was not significant. In the analysis of the probe data, we obtained the
ratio v of 15. However, the negative ion temperature needs to be known accurately from other methods [22]. To
determine the temperature ratio v more accurately, one has to use a separate double probe along with the single
probe [23] or a more sophisticated Thomson scattering technique [8].

Figure 1b) shows the comparison of the experimental / — V' curve of the probe for P,s =300 W, p = 26 mtorr
with the theoretical I — V' curve. In this case, x,, is 1.9, the values of « and y are found to be about 0.1 and 15,
respectively. This indicates that the values of « and v do not vary noticeably in the operating region of this study.

Figure 2 shows the electron densities as a function of pressure which are obtained by two different methods.
The EEDF integral method gives little higher values than the modified Bohm flux method. The reason of this
discrepancy has not understood yet. One candidate is the negative ion contribution to the probe current peak
for the EEDF integral method. The variations of electron density (and positive ion density) with pressure is in
agreement with the other experimental results [24-27]. The EEDF integral method seems to lead to a little over-
estimation of the electron density (and the negative ion density) because the probe current peak has the negative
ion contribution. At low pressures below 10 mTorr, the electron densities obtained by the both methods are al-
most comparable. We observe that the electron density increases with an increase in pressure at a low pressure
range, and has a maximum, and then decreases slightly. This behavior seems to be related to the transition of the
dominant loss mechanism of charged particles in electronegative plasmas. At a low pressure range, the dominant
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loss of charged particles is due to diffusion, while at medium or high pressure range, the loss takes place mainly
via the volume recombination. The increase of the volume recombination makes the charged particle density
decrease with increasing pressure since the more charged particle a discharge produces the more recombination
it results in. The increase of recombination loss along with the diffusion loss makes the charged particle density
decrease [11,12,20]. In addition to this effect, the decrease in the ionization rate with increasing pressure through
the decrease of the electron temperature can contribute to the transition. A similar variation was observed in a
recent experiment with a sophisticated correction of the probe I — V' data [22]. The magnitude of the elec-
tron density seems to be quite comparable to a capacitively coupled [22] and microwave generated [28] oxygen
discharges.
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Figure 3 shows the electron energy probability function (EEPF) at several pressures at the input power of 600
W. The EEPFs are in a strict manner non-Maxwellian for the entire energy range. Especially non-Maxwellian
EEPFs were observed for all energies above the energy range for elastic collisions [29]. However, in a rough man-
ner, we can state that at low pressure, the EEPF is close to a Maxwellian. The 8 mTorr distributions are somewhat
bi-Maxwellian over the region of 2 - 15 eV. The effective electron temperature decreases with increasing pressure.
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Fig. 3 Electron energy probability functions (EEPFs) Fig. 4 Electron energy probability functions (EEPFs)
as a function of pressure at 600 W input power. as a function of pressure at 800 W input power.

Figure 4 is the EEPFs at the input power of 800 W. The EEPF at 6 mTorr deviates from Maxwellians. The
EEPFs above 24 mTorr show much sharper and more pronounced peak at low energies (¢ < 5 eV), which indicates
that the EEPF changes from a single temperature Maxwellian to a Druyvesteyn, and EEPFs are underpopulated
compared to a Maxwellian due to excitation and ionization processes as well as escape of high energy electrons
from the bulk to the chamber walls [29, 30]. We notice that at low pressure the EEDF is close to a Maxwellian.
Generally, as the pressure increases, the distributions switch to bi-Maxwellian and to Druyvesteyn, and suggest
some depletion of electrons with larger energies. The input power does not make significant influence on the
effective temperature and the shape of EEPF. Further increases in the input power lead to an abrupt change in the
EEPF shape with a drop in the effective electron temperature and a rapid increase in plasma density. A primary
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application of the electron energy distribution function is the calculation of the rate constants for electron-impact
reactions. An extrapolation of the EEDF from elastic energy range into inelastic energy range may cause a
significant error in the calculation of excitation and ionization rates in these non-Maxwellian plasmas [29]. The
major shortcoming of the standard Langmuir probe method is that Maxwellian electron energy distributions are
assumed [28]. The fact that EEDFs are deviated from Maxwellian except at low pressure region (below about 10
mTorr) places limitation on the use of Langmuir probe method for diagnosing plasma parameters.

5 Conclusion

The electronegative inductively coupled oxygen rf discharges have been studied based on Langmuir probe mea-
surements. The electron density is obtained based on two different methods. In charged species densities, the
EEDF integral method gives little higher values than the fluid model for the modified positive ion flux, because in
EEDF method the probe current in the exponential region includes the contributions both from negative ions and
from electrons. The inductively coupled oxygen discharge proves to be weakly electronegative (o ~ 0.1), and the
values of  range from 10 to 20 for most of operating region. The EEDFs are in a strict manner non-Maxwellian
for the entire energy range. However, in a rough manner, it is observed that at low pressure the EEDF is close to a
Maxwellian. Generally, as the pressure increases, the distributions switch to bi-Maxwellian and to Druyvesteyn.
The observation that EEDFs are deviated from Maxwellian except at low pressure region (below about 5 mTorr)
in an inductively coupled oxygen discharge places some limitation on the use of Langmuir probe method for
electronegative plasmas.
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