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In low-pressure inductively coupled argon and oxygen discharges, the plasma density and electron
temperature and the electron energy distribution function (EEDF) were obtained by using a
cylindrical electric probe. The plasma densities were determined by various methods to interpret
the probe current-voltage characteristic curve: the EEDF integration, the electron saturation
current, the ion current at the floating potential, and the orbital-motion-limited (OML) ion current.
Quite a good agreement exists between the plasma densities determined by various classical
methods. Although the probe technique has some limitation in electronegative plasmas, the plasma
densities determined from OML theory compare well with those measured by the ion saturation current
at the floating potential in the oxygen discharges. In addition, the EEDFs of inductively coupled Ar and
oxygen plasmas are observed to be nearly Maxwellian at the pressure range of 1-40 mTorr. © 2074
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867350]

I. INTRODUCTION

The development of simple and reliable plasma diagnos-
tics is essential for understanding plasma properties and fur-
ther development of plasma technology. In plasma processing,
plasma parameters such as the electron temperature and
plasma density play a critical role. Number density, flux, and
bombardment energy of positive ions affect the physical pro-
cess. Electron energy distribution function (EEDF) governs
the generation and transport of plasma species. For these rea-
sons, the measurement of the plasma parameter such as the
plasma density, electron temperature, and EEDF has been
extensively studied.'™®

Electric probe is a non-invasive and convenient technique
to diagnose a variety of plasmas. Cylindrical electric probes
are used often because of their simplicity of construction and
because planar probes, for example, are more perturbing to
their local environment.” Simple cylindrical Langmuir probes
are currently the main contact diagnostic tool for measuring
plasma parameters in weakly ionized, low-pressure plasmas in
both applied and basic plasma research. However, the inter-
pretation of the measurements for even this simple case can
be intricate and confusing.’®

This study is devoted to the determination of the plasma
density utilizing the cylindrical probe measurement. The
plasma density is generally determined using various meth-
ods to interpret the current-voltage (I-V) curve of the electric
probe: (i) from the electron saturation (ES) current measured
at the plasma potential, (ii) from the integration over the
EEDF, and (iii) from the ion saturation current when the
probe is negatively biased.” The competing ion current theo-
ries are orbital-motion limited (OML) and the radial-motion
theories.®'° However, use of radial-motion theories requires
numerical solutions of Poisson’s equation modelled to the
experimentally measured probe characteristics, usually by
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iteration to obtain the temperature and density for the partic-
ular theory chosen.” These solutions are then plotted together
with the experimental data and the closeness of the fit
examined.

In the low density regime, it is common practice in the
industry to use the OML theory of ion collection. This theory
can be applied successfully well outside its intended range,
but its error may be greatly enhanced at high densities.'®
Chen et al. have found an easier way to estimate the plasma
density from the determination of the ion current at the float-
ing potential by extrapolating based on the Child-Langmuir
(CL) sheath law.""

Inductively coupled Ar or oxygen discharges in low-
pressure regime (1-40 mTorr) have been mainly utilized for
many industrial-materials processing such as etching and
deposition of thin films.'*™'> The determination of plasma
parameters is a critical issue in the control of plasma proc-
essing. In this work, probe measurements are performed in
inductively coupled Ar and O, discharges with varying oper-
ating pressure. Among the various methods aforementioned,
four methods (EEDF, ES, CL, and OML) are considered to
obtain the plasma density. Comparisons will be made
between the plasma densities measured by these versatile
classical methods to interpret the probe I-V data. In addition,
some discussions are given to EEDFs of low-pressure Ar and
oxygen inductively coupled plasma (ICP) discharges.

Il. EXPERIMENTS AND INTERPRETATION METHODS

The plasma generation chamber consists of a stainless
steel cylinder with a diameter 28 cm and a length of 30 cm.
A 19cm thick by 27cm diameter tempered glass plate
mounted on the one end separates the planar one-turn induc-
tion coil from the plasma. The induction coil is made of cop-
per (with water-cooling) and connected to an L-type
capacitive matching network and a rf power generator. The
details of the apparatus are found in Ref. 16.

© 2014 AIP Publishing LLC
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The plasma chamber is evacuated by a diffusion pump,
backed by a rotary pump, giving a base pressure of
9 x 10 °Torr. The operating gas pressure is controlled by
adjusting the mass flow controller. The gas pressure is varied
in the range of 1-40 mTorr. And a 13.56 MHz generator
with a power output of 500 W drives rf current in a flat
one-turn coil through the rf power generator and matching
network. An rf-compensated cylindrical single electric probe
was mounted through one of the ports on the vacuum cham-
ber. The probe tip made of tungsten with a diameter of
0.1 mm and a length of 10 mm is used to measure the plasma
parameters. The probe tip was located on the axis of the cyl-
inder at 14 cm below the tempered glass plate. Probe circuit
resistance is accounted for by the use of the reference ring
probe with a resonance filter that reduces the rf distortion of
probe characteristics.”

If the electrons are Maxwellian, the transition (exponen-
tial) region of the I-V curve should be represented as

1
kT, \? eV, —V
1,(V,r) = neeA, (M) exp (%), (1)

where n, is the electron density, e is the electron charge, A,
is the probe area, T, is the electron temperature, k is the
Boltzmann constant, m, is the mass of electron, V,, is the
probe voltage, and V), is the plasma potential. From the elec-
tron current at the plasma potential (/,;: the ES current), one
can readily obtain the electron density

KT, \?
Iy =neeA, ——| . )
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To accurately measure plasma parameters, the harmonic
technique, which exploits the generation of harmonics result-
ing from excitation of the nonlinearity of the single
Langmuir probe characteristics, combined with Druyvesteyn
method was used.>* In the harmonic method, the voltage
applied to a probe consists of the sweep voltage and the sinu-
soidal voltage vy of the frequency w. The current was
obtained by measuring the voltage difference across the
sensing resistor (100 Q) using the differential amplifier.
After data processing in the analog-to-digital converter, the
fast Fourier transform was performed to find the second har-
monic of the I-V characteristic. The second harmonic term
I, of the measured probe current is proportional to the sec-
ond derivative as I, ~ (1/4) v} (d®I/dV?) cos 2wt, which is
related to the EEDF, f(e),

f(e)

2m, (2eV\'? &I
)

A, \ m, dv?’
where V is the probe potential referenced to V,, and € is meas-
ured in units of eV. The electron energy probability function
(EEPF), f,(€), is related to the EEDF as, f,(e) = f(€)/+/e.
The n, and the effective electron temperature (Tz) are calcu-
lated with the measured EEDF as follows:
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where €, is determined by the dynamic range of the EEDF
measurement. The electron temperature can also be deter-
mined from the slope of the probe I-V curve in the exponen-
tial region (from the point where the probe current is zero to
where the slope of the curve begins to decrease). We
observed that both methods yield almost same values of the
electron temperature. If the EEDF based on the harmonic
method provides the most reliable and accurate way to deter-
mine the plasma parameters, there should not be any reason
for the discrepancy between the ion density obtained from
the probe I-V curve and the plasma density obtained from
the EEDF integration method.

It has been known that the ion saturation current method
may give rise to overestimated values of the plasma density
compared with the electron current methods (the ES current
method and the EEDF integration methods). The plasma
density measured using the ion saturation current method
can even be several orders of magnitude larger than the den-
sity measured using the ES and EEDF methods.” In
Langmuir probe measurement, ion currents are much smaller
than electron currents. An easy method to measure the ion
saturation current is to obtain I-V data at a large negative
voltage with respect to the plasma potential in order to mini-
mize electron collection. In that case, expansion of the
sheath around the probe can make the collection area much
larger than the physical probe area. A conventional method
of correcting the ion data is to linearly extrapolate the ion
current measured at a large negative voltage region to that at
the plasma potential. Fitting procedure over the large voltage
range may lead to a significant error. However, if we prop-
erly apply the CL sheath formula for the sheath thickness of
the probe at the floating potential, we can reduce the error of
the ion current method."!

It has been found experimentally that ion saturation cur-
rents /; to cylindrical probes in the 10'°-10"*cm ™ density
range tend to follow an /; o (V, — Vp,<)3/ #(Child-Langmuir
sheath law).11 If we assume this, one can obtain an estimate
of the positive ion current at the floating potential (V) by
extrapolating to the floating potential. Since the sheath is
well established at the floating potential, and the expected
1(Vy) can be calculated without the uncertainties inherent in
extrapolating to the plasma potential due to the weak
ion-accelerating fields there. The positive ion density can be
evaluated also from the measured ion current at the floating
potential (I;(Vy) ~ 0.5 eAsn..cy). Here, Ay is the sheath area
of a cylindrical probe at Vj, n, is the positive ion density,
and ¢, = \/kT,/m, is the normal Bohm speed at the sheath
edge (m. is the ion mass). In order to know Ay the sheath
thickness (d) should be determined. The sheath thickness
was estimated from the CL sheath law at the floating poten-
tial: d = 1.018 ((V, — V;)/kT.)**}p (Jp is the Debye
length). Then, the positive ion density can be obtained as''

_ Li(Vy)
ny = . )
0.5¢;2n(r, +d)1

(&)

where [ and r,, are the length and radius of the electric probe.
To determine the positive ion density from another way,
the OML ion current theory can be used for the low density
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plasmas with thick sheath, and the positive ion current (/;) is
expressed as'’

= e (KT) 2 () Vo= Vi)
U 2mmy ) r kT;

where T; is the ion temperature. In the positive ion saturation
region where the probe current is virtually all positive ion
current, we can plot Ij2 = AV, + B (A and B are constants).
From the slope, we can determine the positive ion density.
The OML result is very restricted in applicability. Since the
sheath radius in OML theory was taken to be infinite, the
density has to be so low that the sheath is much larger than
the probe radius. Also, the collisionless OML theory holds
when the mean free path 4; of ions and A, of electrons are
larger than /p and r),. It is worth noting that ions having the
angular momentum larger than a specific value
(m.(2Eo/my )22 Ey is the initial energy of the ion) will
not be collected by the probe and will be reflected to infinity.
Therefore, the OML theory is not valid when the proportion
of ions that encounter an absorption barrier is large. In prin-
ciple, when the initial energy of the ion is small, the OML
theory fails if'’

1=

(6)

/li < rp <_ e(vpk%vpl)>2 (7)

In Ar plasmas, when p =4 mTorr, 4; becomes about 3.8 mm,
and when p =40 mTorr, 4; is decreased to 0.85 mm. If we
apply |V, — V| =30V and assume T;=0.1 eV, then the va-
lidity of the OML is fulfilled within the pressure range up to
30 mTorr since the small radius probe tip (1, =0.1 mm) is
used in this work.

lll. RESULTS AND DISCUSSIONS

Figures 1(a) and 1(b) represent I-V traces taken by the
electric probe for ICP Ar and O, discharges at different pres-
sures, respectively. They retain typical I-V characteristics of
the electric probe. We have analyzed these I-V curves to
obtain the plasma parameters from various probe theories.
Equation (6) predicts that a plot of 7 versus [V, —V,|
should be linear, as shown in Fig. 2(a). It is seen that the lin-
ear dependence in I? — |V, —V,| is following almost

exactly at pressures 1040 mTorr. As long as I; follows
OML scaling, the value of n, obtained by OML theory is

0 10
Voltage (V)

much more trustworthy than any value of n, derived from
the electron saturation current.® However, it is noted that at
the pressures 1 and 3 mTorr, the I; — |V, — V,| characteris-
tics were linear, rather than parabolic, which causes some
uncertainty in the application of OML theory. Next, in order
to obtain the sheath thickness at the floating potential, d, in
Eq. (5) (based on the Child-Langmuir sheath model), the ion
saturation region of the I-V characteristic curve is raised to
the 4/3 power and plotted against V),,, as shown in Fig. 2(b).
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FIG. 2. (a) Measured ion current squared (112) vs the probe voltage (V) ref-
erenced to the plasma potential (V,) for Ar plasmas at different pressures.
The inset represents the graphs for 1 and 3 mTorr. (b) Ion current 1? Bys Vior
for Ar plasmas at different pressures, and a least-squares fitted straight line.
The intersection of the line with the vertical line at floating potential V
yields the value of /;(Vy) used in the analysis. The inset shows the fitting and
extrapolation for the 10 mTorr plasma.
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A straight line is fitted to the part of the curve that is not
affected by electron current. Extrapolating to V4, where I; — 1,
=0, gives an estimate of I,(V)).

Figure 3 illustrates the variations of the plasma density
in Ar ICP discharge at 500 W as a function of pressure. In ac-
cordance with the global modeling'®'? and the previous
experiments, " the plasma density increases with increasing
pressure. The comparison is made on the plasma densities
measured by different methods; the EEDF integration
method (n, EEDF), the electron saturation current (n, ES),
the ion current at the floating potential based on the Child-
Langmuir sheath law (n; CL), and the orbital-motion-limited
ion current (n; OML). As can be seen in the figure, there
exist some differences between them. It is observed that the
plasma density deduced from the OML method is larger than
other three methods. This may be explained by the fact that
the slope of I? — |V, — V,| curve is overestimated. The or-
bital ion motion is sensitive to ion collision in the sheath and
orbital motion is destroyed at quite low pressure. The ion
orbits were changed by collisions at low density, thus
increasing the collected current. However, the OML method
gives comparable densities to those obtained by other meth-
ods at pressure above 20 mTorr. This can be explained by
the decrease in sheath thickness with increasing plasma den-
sity: not many collisions can occur in a thin sheath.® In a low
pressure region, the CL sheath method gives much lower
plasma density. This is attributable to the fact that the CL
sheath formula applies to planes, not cylinders and the
Debye sheath thickness has been neglected, as well as orbit-
ing. Also, the CL sheath law in estimating d is not applicable
in low-n, region. These aspects become significant when the
sheath thickness becomes large (i.e., at low pressure).

Figure 4 shows the comparison of the plasma densities
obtained by various methods at different pressures in oxygen
discharge. In this case, the plasma densities obtained by
OML theory are comparable to those from the ion current at
the floating potential. In oxygen discharges, we may well
apply the OML theory because the plasma density is so low
that the sheath can be considered to be much larger than the
probe radius. It is observed that the difference between the
OML and CL results is not severe and all the estimates are
within error limit. The 7, obtained by both the EEDF method
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FIG. 3. Comparison of the plasma densities using the CL sheath method,
EEDF method, OML, and ES current method in Ar ICP discharges.
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FIG. 4. Comparison of the electron densities obtained by the ES and EEDF
methods, and the positive ion densities obtained by the OML and CL sheath
methods in O, ICP discharges.

and the ES methods give values almost an order of magni-
tude less than the plasma density (7;) measured by using the
OML and CL sheath methods. The significant difference
between the positive ion density and electron density is
mainly attributable to the presence of negative ions in oxy-
gen discharges. However, it should be noted that the probe
technique has some limitation for the oxygen discharges
because the interpretation of the probe I-V characteristic is
complicated in electronegative plasmas. As is inferred
from the inset of Fig. 1(b), a clear linear dependence in the
I? — |V, — V,| curve has not been observed for the oxygen
discharges. Therefore, the positive ion densities obtained
from the OML and CL sheath methods may have larger error
bounds due to the uncertainties associated with the slope in
I? — |V, — V,| curve and with the floating potential. The
contribution from negative ions may cause a steeper slope of
the curve (especially in the region of small |V, —V,|),
which may lead to the overestimation of the positive ion den-
sity deduced from the OML theory. Relatively low 7, in the
oxygen discharges may hinder the validity of the CL sheath
law. The presence of negative ions may also prevent a pre-
cise determination of the positive ion current at the floating
potential, which may lead to the overestimated I(Vy).
Therefore, it would be difficult to assert that the difference in
Fig. 4 between the positive ion and electron densities is the
negative ion density. To better estimate the negative ion den-
sity, some authors suggested alternative approaches utilizing
a comparison of the experimental I-V curve with the theoret-
ical model of the positive ion flux.*' >

The plasma density deduced from the EEDF methods
only reflects the electron populations with all energies. On
the other hand, the ES current contains the contribution from
the negative ions. This might be a reason why the 7, obtained
by the ES method is larger than that obtained by the EEDF
method. As shown, in O, plasmas, the electron density
(obtained by the EEDF method) varies weakly with pressure
compared to Ar plasmas over the range studied.”* The
plasma density is observed to increase with increasing pres-
sure at a low-pressure range, and have a maximum, and then
decreases slightly. This behavior was also observed in our
earlier works.”> 7 This behavior seems to be related to the
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transition of the dominant loss mechanism of charged par-
ticles in electronegative plasmas. At a low pressure range,
the dominant loss of charged particles is due to diffusion,
while as the pressure is increased, the loss channel via the
volume recombination is added. The increase of recombina-
tion loss along with the diffusion loss makes the charged par-
ticle density decrease. In addition to this effect, a 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 an experiment
with a sophisticated correction of the probe I-V data.”®

The EEPF is one of the most important plasma charac-
teristics as it dominates all electron-impact processes.*
Electrons with sufficiently large kinetic energy can over-
come the potential difference between the plasma and the
chamber walls and escape to the walls. The deviation of
measured EEPFs from an otherwise Maxwell-Boltzmann
form is often attributed to a depletion of the high-energy tail
region by either this mechanism or by inelastic electron-
atom collisions.?” The wall loss of electrons produces a dis-
tinct steep drop in the EEDF at electron energies higher than
the wall potential energy.

Figure 5 represents the evolutions of the EEPFs in Ar
discharges with increasing pressures (at the ICP power of
500 W). It has been reported that collisionless stochastic
heating characterized by a bi-Maxwellian-type EEDF domi-
nates in an ICP discharge operating at low gas pressure.’%!
But such a bi-Maxwellian distribution is not observed in this
study. This can be explained on the basis of comparison
between the electron residence time and the electron-
electron collision time.>?> Above moderate ICP powers, the
plasma density becomes high enough (n, ~ 10''cm™3) so
that the electron-electron collision becomes effective. If the
electron-electron collision time is less than the electron resi-
dence time, an electron will collide with other electrons at
least one time, resulting in the occurrence of electron energy
thermalization. As the pressure increases, the increased dis-
charge current enhances the Ohmic heating of low-energy
electrons in the bulk. This results in the shift of EEPF to
Maxwellian distribution. Therefore, at high gas pressure, col-
lisional Ohmic heating in the plasma bulk dominates, being
characterized by Maxwellian or Druyvesteyn-type EEDF
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FIG. 5. EEPFs for Ar ICP discharges at different pressures.
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(due to a higher depletion in the high-energy tail as the pres-
sure increases).33 However, in this work, the EEPFs measured
in low-pressure Ar plasmas are obviously Maxwellian as
shown in the figure. At low pressure such as 1 mTorr, a deple-
tion of the electron population is observed above 15eV due to
ionization collision and loss to the chamber walls. But, as the
pressure is increased, fast electrons are moderated by neutrals
and the depletion is observed around the excitation energy of
argon (11.55eV). This behavior holds until the pressure is
increased to 10 mTorr and the depletion occurs at lower elec-
tron energies for the pressures above that. Even though the
measured EEPFs exhibit a slight depletion in the high-energy
tail as the pressure increases, they are observed to remain
close to Maxwellian. Note the presence of a well reproduced
Maxwellian distribution in the low-energy part of the EEPFs
at relatively high Ar pressure, where the plasma density is suf-
ficiently large to provide a strong Maxwellizing effect due to
electron-electron collisions.**°

Figure 6 illustrates the evolutions of the EEPFs in oxy-
gen discharges with increasing pressures (at the ICP power
of 500 W). The high-energy tails of the EEDFs are also
observed to be less populated, as a result of a higher global
cross section in oxygen.*® The EEPFs exhibit a rapid change
with pressure due to many molecular collision processes.
Depleted electrons at certain electron energies in the EEPF
indicate various collision processes, such as ionization and
excitation, including vibration and rotation collisions, as
well as the escaping electrons to the chamber walls. Because
the electron-O, collision cross sections for excitation, disso-
ciative attachment, and some modes of vibrational collisions
(most of vibrational collisions have high cross sections at
0.1-3eV) have threshold around 5 eV,37 the EEPF develops
different temperature structures at low energies, intermediate
energies, and tail energies responsible for the ionization in
the plasma.’®* The depletion occurs at much less electron
energies compared to the argon discharges. This is caused by
opening various electron energy loss channels mentioned
above. Since the electron density is so low in the oxygen dis-
charges that electron-neutral collision is dominant and the
EEPF becomes deviated slightly from Maxwellian distribution
at low-electron energy region. Especially, the EEPF appears
to change from a single temperature Maxwellian to a two tem-
perature shape with increase in pressure above 15 mTorr,

0, 100% 500W
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—— 15 mTorr
——20 mTorr
——30 mTorr
—— 40 mTorr

=N
o
To

EEPF ( eV*?*cm™)
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FIG. 6. EEPFs for O, ICP discharges at different pressures.
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accompanied by a significant depletion of the high-energy
tail. Similar structure in the EEPF has been observed by
Gudmundsson and Lieberman.***!

IV. CONCLUSIONS

The plasma densities were obtained by using different
ways to interpret the probe current-voltage curve and com-
pared. The results indicate that even though the OML
method gives a little overestimated plasma densities, there
exists overall good agreement between the plasma densities
determined by various interpretation methods. Especially, in
low-pressure oxygen discharges, a determination of plasma
density based on OML theory gives a fair estimate of the
plasma density and compares well with the CL sheath
method. We found that the harmonic method (the ac super-
imposed method) provides reasonable estimate of plasma pa-
rameters. Considering inherent uncertainties associated with
electric probes, these interpretation methods do not produce
significant errors in the parameter region of this work. The
EEPF in Ar plasmas was observed to be obviously
Maxwellian. Although the EEPFs in O, discharges appeared
to change from a single temperature Maxwellian to a two
temperature shape with increase in the pressure above 15
mTorr, accompanied by a significant depletion of the
high-energy tail, the EEPFs were nearly Maxwellian at the
range of the operating pressure 1-40 mTorr. Thus, the
assumption of Maxwellian energy distribution in Ar and O,
ICP plasmas in pressures between 1 and 40 mTorr gives a
fairly accurate determination of the n, and T, based on vari-
ous interpretation methods of the probe I-V data.
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