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Electrostatic probe diagnostics of a planar-type radio-frequency
inductively coupled oxygen plasma
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An inductively coupled oxygen radio-frequency~13.56 MHz! discharge is investigated based on
modeling and experiment. Experimental measurement is done at a range of gas pressure of 1–30
mTorr, and rf power of 100–1000 W. We measure most of the important plasma parameters such
as the densities of charged species, electron temperature, plasma potential, and electron energy
distribution function. The measured values are compared with the results of the spatially averaged
global model. We observe a generally good agreement between the modeling and the experiment.
The scaling features, the transition of the operating region, and the radial distributions of charged
species are also discussed. ©2001 American Institute of Physics.@DOI: 10.1063/1.1354633#
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I. INTRODUCTION

Oxygen plasmas have found numerous applications
plasma processing such as plasma-enhanced chemical-
deposition, reactive sputtering, dry etching of polymer, o
dation, and resist removal of semiconductors. Negative i
are found in electronegative gases such as oxygen, chlo
and fluorocarbons, which are used extensively in discha
for various applications of plasma processing.

The presence of negative ions complicates the disch
phenomena. Negative-ion sources can be applied
charging-free-ion implantation in semiconductor manuf
ture, and negative-ion-assisted etching is found to reduce
charging of substrates.1 There is considerable scientific an
technological interest in electronegative plasmas,2–6 and so
in the determination of negative-ion density.7–9

Langmuir probes, mass spectrometry, ion acoustic wa
and optogalvanic photodetachment are usual methods fo
vestigating negative ions in plasma.10 Negative-ion-
containing plasmas are generated in a variety of ene
coupling methods such as dc,11 rf capacitive,12 rf
inductive,7,8 and hollow cathodes13,14 discharges.

There has been an increased demand to understan
scaling of the plasma constituents with control parame
for such multicomponent systems. The scaling of plas
variables~charged-particle densities, sheath width, elect
temperature, and plasma potential! with the operating param
eters gives useful information for the design and analysis
plasma sources. The operating regions were classified in
entire control parameter space.15 The discharge propertie
such as the ratio of the negative-ion density to the elec
density, the spatial profile of charged species, and the
vailing particle loss mechanism~volume recombination loss
or ion flux loss to the wall due to diffusion! also depend on
the operating region. Thus, in various regions, the discha

a!Electronic mail: thchung@plasma.donga.ac.kr
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generally exhibits different scalings of the operating para
eters.

In a previous article,16 we explored the scaling relation
for a low-power region, and observed that the experiment
measured scalings of the charged species are in agree
with the predictions of the spatially averaged global mod
We observed the scaling laws to hold in a medium pow
region.17

In this article, we measure most of the important plas
parameters such as the densities of charged species, ele
temperature, plasma potential, and electron energy distr
tion function over the range of pressure and power tha
typical of those used currently in the industry. The measu
values are compared with the results of the global mod
Specifically, we investigate the scaling features and the tr
sition of the operating region for a low-pressure inductive
coupled oxygen plasma in normal operating regions of s
eral hundred watt power. Along with that, we perform t
measurement of the radial distribution of the charged spe
in the chamber which indicates the level of uniformity in
processing reactor.

II. EXPERIMENT

The plasma chamber consists of a stainless-steel cylin
with a 28 cm diam and 34 cm length. A 1.9-cm-thick b
27-cm-diam tempered glass plate mounted on one end s
rates the planar one-turn induction coil from the plasma. F
ure 1 shows a schematic of the planar inductive plas
source and Langmuir probe diagnostics system. A disk-t
Langmuir probe made of tungsten with a single side of 6 m
diam is located 11 cm from the window on the axis of t
chamber to measure the floating and plasma potentials, p
tive and negative saturation current, and electron temp
ture.

The plasma chamber is evacuated by a diffusion pu
backed by a rotary pump giving a base pressure of 125

Torr. The equilibrium gas pressure in the chamber is mo
8 © 2001 American Institute of Physics
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tored with a penning gauge. The operating gas pressu
controlled by adjusting the mass flow controller~AFC 50!.
The flow rate of the oxygen gas has a range of 10–20 sc
The oxygen gas pressure is varied in the range 1–30 mT
The induction coil is made of copper~with water cooling!
and connected to an L-type capacitive matching network
a rf power generator~ENI OEM-12!.

The Langmuir probe is powered by a Kepco bipolar o
erational power supply amplifier. A triangle ramp wav
swept from250 to 150 V at 300 Hz is fed into the Kepco
from a homemade ramp generator. The current measure
is done across a 200V resistor placed between the comm
and ground outputs of the Kepco amplifier. The current a
voltage signals are collected on a HP54645A digitizing
cilloscope.

Experiments were conducted at several pressures
powers. In order to allow the chamber to reach an equi
rium, the plasma was turned on and allowed to run for
hour before taking any measurements. We consider a r
tively simple Langmuir probe technique to estimate t
negative-ion density. The results of the Langmuir probe m
surements are compared with the results of the global mo

The second derivative of the measured probe currentI 9,
is related to the electron energy distribution functi
~EEDF!, f (e), as follows:

f ~e!5
2m

e2S
S 2eV

m D 1/2

I 9, ~1!

wheree is the electronic charge,S is the probe area,m is the
mass of the electrons,V is the probe potential referenced
the plasma potential, ande is measured in units of eV. Th
electron density and the effective electron temperature
calculated with the measured EEDF as follows:

ne5E
0

emax
f ~e!de, Teff5

2

3ne
E

0

emax
e f ~e!de, ~2!

whereemax is determined by the dynamic range of the EED
measurement. The electron temperature can also be d
mined from the slope of the probe ln(I)2V curve in the ex-
ponential region~from the point where the probe current
zero to where the slope of the curve begins to decrease!. We
observe that the both methods yield almost the same va

The positive-ion saturation current is

FIG. 1. Schematic of a planar inductively coupled plasma source and L
muir probe diagnostics system.
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I 150.6eSn1S Te

M 1
D 1/2

, ~3!

wheren1 is the positive-ion density andM 1 is the positive-
ion mass. It is assumed that the Bohm criterion for the f
mation of a stable sheath holds even if negative ions exis
estimating the ion saturation current, the edge effects
considered by considering the correction equation.18

We have a density balance between negatively and p
tively charged particles given byne1n25n1 . By measur-
ing the positive-ion saturation current, one can estimate
densities of positive ions and negative ions. This method
the advantage of avoiding determining the negative-ion te
perature.

It is known that the abundance of the atomic positive i
O1 depends on the surface recombination rate, gas pres
and absorbed power. In this study, we assume that O2

1 is the
major positive ion, O2 is the major negative ion, and that th
oxygen molecules are far from being completely dissociat
due to a very high oxygen atom recombination frequency
the reactor walls.19 However, it has been found that the d
gree of dissociation increases with the rf power. O2

2 ions are
produced by charge-transfer processes in the collision of2

ions with O2. The O2
2 density is known to be much smalle

than the O2 density in the operating region of this study.
We have compared the measured values to those ca

lated by a spatially averaged global model. The set of
main reactions, the reaction coefficients, and the formu
tions are found in our previous study.16 The rate constants
which have a critical influence on the formation of negati
ions, are based on the work of Lee and co-workers,2,3 Ellias-
son and Kogelschatz,20 and Panda, Economou, an
Meyyappan.21 One difference is that in this study the shea
potentialVs is determined by equilibrium fluxes of positiv
and negative species to the wall instead ofVs

5Te/2 ln(MO2
/2pm). Another thing is that this study use

the hL and hR factors, which are the ratios of sheath ed
positive densities~axial and radial! to those in the bulk
plasma according to those suggested by Lee and Lieberm2

III. RESULTS AND DISCUSSION

Figure 2 shows the positive-ion density as a function
pressure. The variation of the positive-ion density with pr
sure is in agreement with the other experimental results.22–24

We observe that the positive-ion density increases with p
sure at a low-pressure range, has a maximum, and then
creases slightly. This behavior seems to be related to
transition of the dominant loss mechanism of charged p
ticles in electronegative plasmas. In the low-pressure ran
the dominant loss of charged particles is due to diffusion~we
call this range the ion-flux-loss-dominated region!, while in
the medium- or high-pressure range, the loss takes p
mainly via the volume recombination~the recombination-
loss-dominated region!. The increase of the volume recom
bination makes the charged-particle density decrease
pressure since the more charged particles a discharge
duces the more recombination it results in. The increase
recombination loss along with the diffusion loss makes

g-
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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charged-particle density decrease. This behavior was also
served in a pulsed oxygen discharge.21 The simulation of
Shibata, Nakano, and Makabe25 showed a peak on the O2

1

~dominant positive ion! density and the experiment of ca
pacitively coupled oxygen discharge done by Stoffelset al.26

showed a peak in the electron density with pressure. F
Fig. 2, we can note that the transition from the ion-flux-lo
dominated region to the recombination-loss-dominated
gion takes place at a specific value of pressure. The origi
this transition and the scaling laws at each operating reg
were fully discussed in our previous paper.16

The transition points are about 26 mTorr for 300 W i
ductive power, 20 mTorr for 500 W power, and 16 mTorr f
900 W power. The transition point moves to a lower press
value as the absorbed power increases. This can be
counted for by considering that enough positive and nega
ions which are produced in higher-power conditions ma
the recombination loss dominant at lower pressure.

Figure 3 shows the comparison of the negative-ion d
sity between the results of the global model and the exp

FIG. 2. Positive-ion densities as a function of pressure forPabs5300, 500,
700, and 900 W.

FIG. 3. Negative-ion densities as a function of pressure forPabs5500 W.
Downloaded 10 Apr 2001 to 147.46.26.179. Redistribution subjec
b-

m
-
-

of
n

e
ac-
e

e

-
i-

mental results. The negative-ion density rises with increas
pressure up to 20 mTorr, and this is also in agreement w
the experimental results. The residence time of negative
in the chamber can be estimated from the gas pressure,
rate, and chamber size. The estimated residence time is a
2.5 s. The reason for the substantial formation of nega
ions in this short period of stay is that negative ions a
produced via a variety of mechanisms which include the d
sociative attachment of low-energy electrons to the me
stable and excited oxygen molecules.21,27In the pulsed-mode
operation of oxygen discharge with a gas pressure and
rate comparable to those of this study, a negative-ion den
in the order of 1011 cm23 was observed.8,27 However, the
global model does not explain that the negative-ion den
has a maximum which indicates the transition of the ope
ing region.

In Fig. 4, the calculated and measured plasma poten
are shown with varying pressures. The experimental res
are obtained from measurements done at 500 W induc
power. The discrepancy may be due to it being very diffic
to determine the plasma potential from the probeI–V curve
for the negative-ion-containing plasma. In this study, we
termine the plasma potential by the value of the probe v
age where the second derivative of the probe current v
ishes. The presence of negative ions complicates
characteristics of the probeI–V curve. Negative ions contrib
ute to the probe current in the exponential region, and
amount of the contribution gets larger when the probe v
age approaches the plasma potential. In addition, the fluc
tion of the collected probe current due to rf oscillation mak
the I–V curve difficult to interpret.

Although not shown in the figures, the behavior of t
ratio of the negative ions to the electron density is qual
tively consistent with the experimental results b
Tuszewski28 and Gudmundsson.29 The ratio increases with
increased pressure, and decreases with increased powe

Figure 5 shows electron temperature as a function
pressure at input powers of 300, 500, 700, and 900 W

FIG. 4. Plasma potential as a function of pressure. Comparison is m
between experimental values and calculated values. Here,Pabs5500 W.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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decrease in electron temperature with increasing pressu
typical and is in agreement with the previously reported
sults. However, for relatively higher powers, there exist
region around 10 mTorr where the electron temperature
comes quite large. We can note that over the region of 7
mTorr the electron temperature increases when the in
power is increased. This behavior has been rece
reported.30 This can provide a significant implication for th
plasma-induced damage because the damaging dose int
thin gate oxide increases with both electron temperature
plasma density.

The main causes of the increase of electron tempera
with increasing power are the increase of the effective a
vation energy for ionization and the heating of the gas~and
the resulting decrease in the neutral number density!. The
former is reflected in the results obtained by the global m
eling, as in Fig. 6. But, this effect is not dominant. The lat
seems more influential and is related to the neutral part

FIG. 6. Calculated electron temperature as a function of pressure. Here
surface recombination coefficient is 0.05.

FIG. 5. Electron temperature as a function of pressure at several i
powers of 300, 500, 700, and 900 W.
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depletion. It was observed by Tynan31 that below 10 mTorr
the neutral depletion is proportional to the gas pressure
above 10 mTorr the depletion is inversely proportional to
gas pressure, and that higher power results in severe de
tion. These observations are in agreement with the res
shown in Fig. 5.

Figure 7 shows the EEPF at several pressures at an i
power of 500 W. We can observe that at low pressure,
EEPF is close to a Maxwellian. The 4 and 10 mTorr dist
butions are somewhat bi-Maxwellian over the region
2–12 eV. The effective electron temperature has differ
trends for collisional and stochastic heating-dominated
gimes. The effective electron temperature in the collisio
dominated regime~20 and 30 mTorr! decreases slightly with
increasing pressure and input power. Quite oppositely,
the stochastic heating-dominated regime~1 and 4 mTorr!, the
effective electron temperature grows slightly with increas
pressure and input power. These can be observed direct
Fig. 5. This behavior was also observed in capacitiv
coupled rf discharges.32

Figure 8 is the same figure at the input power of 700
The EEPF above 8 mTorr increasingly deviates from
Maxwellians. EEPFs above 10 mTorr show much shar

the
FIG. 8. Electron energy probability function at 700 W input power.

ut

FIG. 7. Electron energy probability function~EEPF! at 500 W input power.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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and more pronounced peaks at low energies (e,5 eV!,
which indicates that the EEPF changes from a sing
temperature Maxwellian to a two-temperature structure~bi-
Maxwellian!, and the EEPF is depleted at high energies d
to the inelastic interaction as well as the escape of hi
energy electrons from the bulk to the chamber walls.33 Fur-
ther increases in the input power lead to an abrupt chang
the EEPF shape with a drop in the effective electron te
perature and a rapid increase in plasma density.

Figures 9~a! and 9~b! represent the experimentally ob
tained radial distributions of positive ions and electrons
different pressures. We note that the positive ions have
top profiles at relatively higher pressures and that with
creasing pressure the profile becomes parabolic, in ac
dance with the theoretical prediction.6 For all the pressure
cases, the radial distribution of electrons follows the solut
of the diffusion equation. Also, we note that the lower pre
sure case has a smoother character, which was also obs
in oxygen dc glow discharges.11 In this experiment, the elec
tronegative core region is hardly defined, contrary to the t
oretical prediction.6

FIG. 9. Radial distributions of~a! positive ions and~b! electron densities at
several pressures. The input power is 500 W.
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IV. CONCLUSION

Electronegative inductively coupled oxygen rf di
charges have been studied based on Langmuir-probe m
surements and the results are compared with a spatially
eraged global model. The charged-particle densities,
electron temperature, the plasma potential, and the elec
energy probability function are obtained and the behaviors
these parameters are discussed. The experiment and the
eling are over all in agreement except that the global mo
predicts more or less overestimated quantities of the char
particle densities. A transition from the ion-flux-los
dominated region to the recombination-loss-dominated
gion aroundp520– 40 mTorr is observed. Each region has
different scaling of plasma variables, which proves to be i
good qualitative agreement with the predictions of the glo
model.16 The effective electron temperature has differe
trends for collisional and stochastic heating-dominated
gimes. The effective electron temperature in the collisio
dominated regime~which corresponds to the recombinatio
dominated region from the view point of the particle-lo
mechanism! decreases slightly with increasing pressure a
input power. Quite oppositely, for the stochastic heatin
dominated regime~which corresponds to the ion-flux-loss
dominated region!, the effective electron temperature grow
slightly with increasing pressure and input power. It is o
served that the positive ions have flattop profiles at relativ
higher pressures~recombination-loss-dominated region! and
that with decreasing pressure the profile becomes parab
For all the pressure cases, the radial distribution of electr
is similar to the solution of the diffusion equation.
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