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Optical emission diagnostics with electric probe measurements of
inductively coupled Ar/O2/Ar-O2 plasmas
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Department of Physics, Dong-A University, Busan 604-714, Korea
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Physical properties of low-pressure inductively coupled argon, oxygen, and Ar-O2 mixture

plasmas are investigated using optical emission spectroscopy (OES) combined with an

rf-compensated Langmuir probe measurement. In each gas discharge, the electron density and

the electron temperature were obtained by using the probe. The electron temperature was

also obtained by OES models and compared with that measured by the probe. The electron

temperature was observed to decrease with increasing power and pressure and also observed to

decrease with increasing Ar content. Argon metastable densities were calculated based on an

optical transition model. In Ar-O2 discharges, the dissociation fraction of O2 molecules was

estimated using optical emission actinometry. The dissociation fraction was observed to increase

with increasing power and Ar content. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4765357]

I. INTRODUCTION

In plasma processing, molecular and mixture gases are

used in order to achieve the desired selectivity and to improve

the etch rate. Oxygen discharges are widely used for

industrial-materials processing, such as dry etching of a photo-

resist, synthesis of metal oxide, functionalization of polymers,

deposition of oxide films, and ashing of samples.1,2 Oxygen

with a mixture of rare gases is usually used as the primary gas

for oxidization, formation of passivation layer, or other plasma

technologies applied to the production of integrated circuits.

From the viewpoints of both industry and physics,

experimental and theoretical investigations of O2 and of O2-

rare gas mixtures are necessary. The etching of SiO2 and Si

typically involves mixtures of Ar and O2 with the addition of

a fluorocarbon.3,4 Recently, there has been a steadily grow-

ing interest in inductively coupled plasma (ICP) sources for

numerous plasma-enhanced materials processing because the

ICP sources provide stable, reproducible, and highly uniform

high density plasmas. It has been known that most of O2-Ar

ICP discharges are characterized by high oxygen atom con-

tent.5,6 O2-Ar plasmas contain several important species,

such as oxygen atoms, metastable oxygen molecules, ozone,

and metastable and resonant state argon atoms.7,8 In order to

characterize the O2-Ar ICP discharges, the important plasma

parameters that characterize the discharge properties are

the electron density, the electron temperature, and the elec-

tron energy distribution function (EEDF). Among these, the

electron temperature is one of the most important plasma

parameter because the change of electron temperature can

influence the composition of radicals participating in the

chemical reaction with the wafer. In addition, the number

densities of various species in the plasma mentioned above

are a significant concern. Global models have been devel-

oped to study the change of the concentrations of plasma

species with the operating parameters.9–11 However, since

the chemistry in the model is too complex and the boundary

condition at the reactor wall is hard to set up, it is somewhat

inconvenient to apply the global model at industry environ-

ment. A considerable amount of plasma physics knowledge

can be extracted from the plasma emission spectra. Optical

emission spectroscopy (OES) is a non-intrusive technique

that can monitor the change of the concentrations of the

plasma species in real time.

Plasma emission from argon atom is used in many types

of optical plasma diagnostics.12–15 Especially, the electron

temperature and the metastable densities can be estimated by

several spectroscopic methods. One method is based on a

simple collisional-radiative model utilizing the experimental

relative emission intensities of only four argon lines that

originate from any of the 4p argon levels.16–18 Depending on

the applications, the Ar content in the mixture can vary from

less than a few percent (O2-dominated discharge) to over

90% (Ar-dominated discharge). The gas pressure is also de-

pendent on the application and the sizes of ICP chamber and

rf antenna. In order to meet the demand of the process, the

plasma properties should be clarified for different gas pres-

sure, Ar content, and rf power, and be tailored for a specific

applications.

This paper is devoted to the implementation of a simple

emissive spectroscopy technique for diagnostics of metasta-

ble argon atom, electron density and temperature, and disso-

ciation fraction of oxygen molecules in inductively coupled

O2-Ar discharges with varying operating parameters. The

operating parameters, such as Ar content in the gas mixture,

applied rf power, and total gas pressure, have been varied in

an attempt to fully characterize plasma parameters and oxy-

gen atom production. The electron temperature is obtained

by analyzing the optical emission spectra from excited Ar

atoms and then compared with the values given by the Lang-

muir probe at different powers (200–600 W) in the pressure

range 1–40 mTorr.a)Electronic address: thchung@dau.ac.kr.
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In plasma processing, actinometry is a frequently used

and well-developed technique to estimate the density of neu-

trals (O in this work). The optical emission actinometry has

only a limited use in plasmas in which the content of the acti-

nometer gas (Ar in this work) is less than a few percent (e.g.,

5% or less). As was seen in our previous work,19 the use of

actinometry can be extended to the region of a higher Ar

content although it gives a relatively rough estimate of the

neutral O density. This work investigates the change of neu-

tral O density with the control parameters using optical emis-

sion actinometry, and some physical explanation is given

with a discussion of the plasma properties, such as the elec-

tron density, the electron temperature, and the electron

energy distribution function measured by a Langmuir probe.

II. 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. The induction coil is made of copper (with

water-cooling) and connected to an L-type capacitive match-

ing network and an rf power generator. The details of the ap-

paratus are found in Ref. 20.

The plasma chamber is evacuated by a diffusion pump,

backed by a rotary pump, giving a base pressure of

9� 10�6 Torr. The operating gas pressure is controlled by

adjusting the mass flow controller. The O2 gas pressure is

varied in the range of 2–40 mTorr. And a 13.56 MHz gener-

ator with a power output of 200–600 W drives rf current in a

flat one-turn coil through the rf power generator and match-

ing network. An rf-compensated cylindrical single Lang-

muir probe was mounted through one of the ports on the

vacuum chamber. The probe tip made of tungsten with a

diameter of 0.1 mm and a length of 10 mm is used to mea-

sure the plasma parameters. The probe tip was located on

the axis of the cylinder 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.21

To measure plasma parameters, the harmonic technique,

which exploits the generation of harmonics resulting from

excitation of the nonlinearity of the single Langmuir probe

characteristics, combined with Druyvesteyn method was

used.22 In the harmonic method, the voltage applied to a

probe consists of the sweep voltage and the sinusoidal volt-

age v0 of the frequency x. The second harmonic term I2x of

the measured probe current is proportional to the second de-

rivative as I2x � ð1=4Þ v2
0 ðd2I=dV2Þ cos 2xt, which is related

to the electron EEDF, f ð�Þ,

f ð�Þ ¼ 2m

e2S

2 eV

m

� �1=2 d2I

dV2
; (1)

where e is the electron charge, S is the probe area, m is the

mass of electron, V is the probe potential referenced to the

plasma potential (Vp), and � is measured in units of eV. The

electron density (ne) and the effective electron temperature

(Te) are calculated with the measured EEDF as follows:

ne ¼
ð�max

0

f ð�Þd�; Te ¼
2

3ne

ð�max

0

�f ð�Þd�; (2)

where �max 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.

Langmuir probes are very efficient at measuring the

EEDF at low energies, but reliable measurements become

more difficult at high energies.21 This difficulty is due to a

combination of lower signal size (orders of magnitude fewer

electrons than at lower energies) and a non-negligible contri-

bution to the recorded probe current from ions. In contrast, the

OES signal arising from electron-impact excitation of ground

state atoms is only sensitive to high energy electrons.12

In this work, the light intensity of emissive molecules

and radicals in the plasma was focused by means of optical

fiber into entrance slit of 0.75 m monochromator (SPEX

1702), equipped with a grating of 1200 grooves per milli-

meter and slit width of 100 lm. The light was collimated at

the exit slit where a photomultiplier tube (Hamamatsu R928)

converted photons into an electric signal. Optical emission

spectra were recorded in the wavelength range of 250–

850 nm with a resolution of 0.1 nm. The measured emission

spectra were corrected for the spectral response of the detec-

tion system, which includes optical fiber, monochromator,

and photomultiplier tube. The detection system was cali-

brated in intensity between 250 to 850 nm using a quartz hal-

ogen lamp with a known spectral radiance. The dependence

of the emission intensities on the plasma parameters was

investigated.

III. OPTICAL EMISSION SPECTROSCOPY

As mentioned above, the determination of plasma density

and electron temperature is needed to optimize the plasma

process for most of plasma applications. Optical emission

spectroscopy provides a non-intrusive method for this pur-

pose. The observed optical emission intensity for a selected

transition from certain electron-excited states is given by

Ið�XÞ ¼ Kð�XÞ h�X A ½X�; (3)

where h is the Planck’s constant, �X is the frequency of the

transition, [X] is the number density of species X, and A is

the optical emission probability for the transition, Kð�XÞ is

the total optical detection efficiency at �X involving all

of the steps from emission light collection, optical fiber

transfer, and monochromator transportation up to the detec-

tor response.23

The emission lines from excited argon are the most

abundant, and these have reliable transition probability val-

ues published in the literature. Assuming that upper levels of

the selected atomic transitions are in local thermodynamic

113502-2 Chung, Kang, and Bae Phys. Plasmas 19, 113502 (2012)



equilibrium (LTE), we can use the conventional Boltzmann

plot technique to determine the excitation temperature

ln
Iij

KijAijgi�ij

� �
¼ � Ei

kBTexc
þ const; (4)

where Iij; �ij; Kij, and Aij are the intensity, the frequency, the

detector efficiency, and the Einstein coefficient of the spec-

tral line from i! j level, respectively, gi is the degeneracy

or statistical weight of the emitting upper level i of the stud-

ied transition, kB is the Boltzmann constant, and Ei is the

excitation energy of level i. This model assumes that electron

collisions between excited atoms are dominant in populating

and depopulating in excited atoms. Most of the plasmas

deviate from LTE, especially for all types of low density

plasma in laboratories. Deviations from LTE are due to the

mass difference between electrons and positive ions, strong

gradients in the plasma, and the associated diffusion effects.

Since LTE can be verified for the high energy levels close

to ionization threshold, low-temperature plasmas are partial

LTE. Even in the case of local thermal equilibrium condi-

tions, Te can be very different from estimated Texc, which

gives us only information about low-energy region of elec-

tron energy distribution function.

In general, RF low-pressure plasmas have a small degree

of ionization, which makes collisional processes less effi-

cient than in plasmas with higher electron densities and, con-

sequently, radiative processes become important. Especially,

in inductively coupled low-pressure O2-Ar plasmas, direct

excitation from the ground state with radiative decay can be

assumed to dominate over the production and the destruction

of excited energy levels. For instance, many excited states of

argon are mainly produced by electron-impact excitation

from the ground state,24 and the quenching rate of excited

oxygen and argon atoms by both O2 molecules and Ar atoms

is very small compared to the radiative decay. This simplifi-

cation is called the corona balance. Gordillo-V�azquez et al.24

have investigated the corona model and obtained a modified

Boltzmann formula as follows:

ln
IijRj<iAij

KijAija1i�ij

� �
¼ � Ei

kBTeOES

þ const; (5)

where a1i is the coefficient in an exponential approximation

of the electron impact excitation rate coefficient from ground

state to level i. The inverse of the slope of the best linear fit-

ting gives the electron temperature estimated by the corona

model TeOES. However, when the electron density is so high

that de-excitation by electron collisions dominates radiative

decays, the corona model is not valid. Especially, because

highly excited levels have long radiative lifetimes, an atom

is likely to undergo an electron-atom collision before it has

time to radiatively decay.13 The main source of error for

determining TeOES is the use of inaccurate values of Aij and

a1i. The errors become large for low-Ar content and for

higher pressure discharges. Additionally, the strong emission

lines in argon spectrum come essentially from the levels

with close energy values.25 The excitation temperature

obtained by Eq. (4) gives a first estimate of the electron

temperature in the low-pressure plasmas. In this study, a

comparison is made between Texc and TeOES in argon and

argon-oxygen plasmas generated with a wide variety of con-

trol parameters. As a reference, Te obtained by Langmuir

probe technique will also be compared.

The corona model can be extended to consider the opti-

cal transitions originating from the metastable states. In pure

argon, metastable atoms provide a basic intermediate state

for excitation and ionization. The apparent cross section,

rApp
i ð�Þ, includes the effect of excitation into higher levels

followed by radiative decay into level i. The optical emission

cross section from i to j level can be defined as13,26

rOpt
i!jð�Þ ¼

Aij r
App
i ð�Þ

Rl<iAil
: (6)

Assuming a Maxwellian energy distribution for electrons,

the observed light intensity incident on a detector for a par-

ticular i! j emission line is written as

Iij ¼ Cijh�ij nen0

ffiffiffi
2

p

r
T�3=2

e

ð1
0

rOpt
i!jð�Þ � e��=Te d�; (7)

where n0 is the neutral atom density and Cij is the propor-

tionality constant.

Consider the Ar peaks at 750.4 nm ð2p1 ! 1s2Þ,
794.8 nm ð2p4 ! 1s3Þ, and 811.5 nm ð2p9 ! 1s5Þ. These

emission lines originate from the excitation from the ground

state and from the metastable state. For the case of 2p1 level,

the population processes are dominated by excitation from

the ground state and 1s3 metastable level while the depopula-

tion processes are represented by radiative decay to the 1s2

state (750.4 nm). Therefore, we have

I750 ¼ C750h�750 ne T�3=2
e

�
½Ar�

ð1
0

rOpt
750;gð�Þ � e��=Te d�

þ ½Arð1s3Þ�
ð1

0

rOpt
750;mð�Þ � e��=Te d�

�
; (8)

where rOpt
750;gð�Þ and rOpt

750;mð�Þ are measured optical emission

cross sections from the ground state to 2p1 and from the met-

astable 1s3 to 2p1.

Similarly, for the case of 2p9 level, the population proc-

esses are dominated by excitation from the ground state and

1s5 metastable level while the depopulation processes are rep-

resented by radiative decay to the 1s5 state (811.5 nm),12,13

then we have

I811 ¼ C811h�811 ne T�3=2
e ½Ar�

ð1
0

rOpt
811;gð�Þ � e��=Te d�

�

þ Arð1s5Þ½ �
ð1

0

rOpt
811;mð�Þ � e��=Te d�

�
; (9)

where rOpt
811;gð�Þ and rOpt

811;mð�Þ are measured optical emission

cross sections from the ground state to 2p9 and from the met-

astable 1s5 to 2p9.

For the case of 2p4 level, the population processes

are dominated by excitation from the ground state and 1s3
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metastable level while the depopulation processes are repre-

sented by radiative decay to the 4 s state such as 794.8 nm

ð2p4 ! 1s3Þ and 852.1 nm ð2p4 ! 1s2Þ.12,18 Therefore,

I794 ¼ C794h�794 ne T�3=2
e ½Ar�

ð1
0

rOpt
794;gð�Þ � e��=Te d�

�

þ Arð1s3Þ½ �
ð1

0

rOpt
794;mð�Þ � e��=Te d�

�
; (10)

while rOpt
794;gð�Þ and rOpt

794;mð�Þ are measured optical emission

cross sections from the ground state to 2p4 and from the met-

astable 1s3 to 2p4.

The experimentally obtained values of I811=I750 and

I794=I750 with a pre-determined Te using Eq. (2) or (5) allow

us to estimate the metastable argon densities ½Arð1s3Þ�ð¼n1s3
Þ

and ½Arð1s5Þ�ð¼n1s5
Þ by utilizing the cross section data in the

literature.27,28 If direct measurements of the metastable num-

ber densities can be made by other means, a measured value

of I811=I750 or I794=I750 results in the determination of Te.

Although the addition of oxygen changes the excited state

kinetics of argon,4 this method can also be applied to O2-Ar

plasmas with a large Ar content.

Another important parameter for oxygen-containing

plasmas is the oxygen atom density in the plasma. A compar-

ison of the intensity of 844 nm line from oxygen atom with

that of the argon 750 nm line can give an estimation of the

dissociation fraction. The population dynamics of the upper

atomic oxygen state (Oð3p 3P)) of 844.6 nm transition is gov-

erned by direct electron impact excitation and dissociative

excitation from the ground state O atom, radiation losses,

and collision-induced quenching. In low-temperature oxygen

plasmas, the main neutral constituent is O2. Therefore, the

dissociative excitation process must be also considered since

it often yields a very important contribution. Then, the bal-

ance equation of oxygen atom is written as

neðk3P
e ½O� þ k3P

de ½O2�Þ ¼ ðRA3P
ij þ k3P

Q ½O2�Þ½Oð3p 3PÞ�; (11)

where k3P
Q is the quenching rate coefficient of Oð3p 3PÞ in

O2; k3P
e the rate coefficient for electron-impact direct excita-

tion to Oð3p 3PÞ from the ground-state O, k3P
de the rate coeffi-

cient for electron-impact dissociative excitation to Oð3p3 3PÞ
from the ground-state O2, and RA3P

ij is the sum of Einstein

probability from Oð3p 3PÞ. Since the majority of the atom

density is in the ground electronic state, the balance equation

can give the atomic O density.29 Using actinometry, the dis-

sociation fraction of O2 can be calculated as30

½O�
½O2�
¼ K750

K844

�750

�844

A750

A844

kdir
Ar

k3P
e

ðRA3P
ij þ k3P

Q ½O2�Þ
ðRA2p1

ij þ k2p1

Q ½O2�Þ
½Ar�
½O2�

I844

I750

� k3P
de

k3P
e

;

(12)

where k2p1

Q is the quenching rate coefficient of excited

Arð2p1Þ in O2, and kdir
Ar is the rate coefficient for electronic

excitation to 2p1 of the ground state Ar.

IV. RESULTS AND DISCUSSION

Figure 1(a) presents a typical optical emission spectrum

of an ICP Ar plasma operated at the pressure of 10 mTorr

and the power 500 W. Within the range of the wavelength

considered in this work, the emission lines can be catego-

rized into several groups: the Ar 2p! 1s transition (660–

1150 nm), the Ar 3p! 1s transition (410–480 nm), the Ar

ion transition (300–500 nm), and the other lines. The Ar

3p! 1s transition lines are shown at 415.9 nm ð3p6 ! 1s5Þ,
418.2 nm ð3p2 ! 1s3Þ, 419.8 nm ð3p5 ! 1s4Þ, 420.1 nm

ð3p9 ! 1s5Þ, 425.9 nm ð3p1 ! 1s2Þ, 427.7 nm ð3p7 ! 1s4Þ,
430.0 nm ð3p8 ! 1s4Þ, 433.4 nm ð3p3 ! 1s2Þ, 451.8 nm

ð3p5 ! 1s2Þ, and 470.2 nm ð3p10 ! 1s2Þ.
There exist many Ar peaks associated with the 2p! 1s

transitions at 750.4 nm ð2p1 ! 1s2Þ, 811.5 nm ð2p9 ! 1s5Þ,
696.5 nm ð2p2 ! 1s5Þ, 706.7 nm ð2p3 ! 1s5Þ, 738.3 nm

ð2p3 ! 1s4Þ, 763.5 nm ð2p6 ! 1s5Þ, 772.4 nm ð2p2 ! 1s3Þ,
794.8 nm ð2p4 ! 1s3Þ, 810.4 nm ð2p7 ! 1s4Þ, and 801.4 nm

ð2p8 ! 1s5Þ. The emission lines from Ar ion are shown at

358.8 nm ð4p 4F! 4s 4DÞ and 434.8 nm ð4p 4D! 4s 4PÞ. In

addition to the lines mentioned above, the lines at 383.5 nm

ð4p! 1sÞ, 394.9 nm ð3p! 1sÞ, 518.7 nm ð5s! 2pÞ,
549.6 nm ð6d! 2pÞ, 555.9 nm ð5d! 2pÞ, 559.7 nm ð6s

! 3pÞ, 588.3 nm ð3s! 2pÞ, 603.2 nm ð5d! 2pÞ, 641.3 nm

ð3s! 2pÞ, and 657.3 nm ð5d! 2pÞ are also observed. In

the argon discharge, the highest emission intensities have

been recorded in the wavelength range of 750–850 nm.

The intensity peaks from the Ar 3p! 1s transitions are

suppressed as the pressure is increased (even though the

amount of Ar atoms is increased). This may result from that

Te is decreased with increasing pressure. The 750.4 nm Ar

emission intensity is proportionally increased with increas-

ing power, which indicates that the increased electron den-

sity is responsible for an increase in the excitation rate of Ar

atoms to the 2p1 state. The emission intensities of the transi-

tion Ar 3p! 1s are also increased with power in an almost

similar fashion. The 358.8 nm, 434.8 nm, and 479.8 nm

emission intensities provide a reasonable estimate of the rel-

ative concentration of Ar ions. The primary effect of

increasing power is to increase the fraction ionization of the

gas, while only modestly affecting the electron tempera-

ture.31 Although the emission intensities from argon ion

increases with power, the intensity ratios of these lines to

the 750.4 nm line decrease slightly with power. These ratios

also decrease with increasing pressure and Ar content. This

observation indicates that the increase of excitation of Ar

atoms becomes larger than that of Ar ions with increasing

pressure and Ar content.

Figure 1(b) presents a typical optical emission spectrum

of an ICP O2 plasma operated at the pressure of 10 mTorr

and the power 500 W. Many peaks associated with optical

transitions of O atom are observed: 436.8 nm from

Oð4p 3P! 3s 3SÞ, 777.4 nm (Oð3p 5P! 3s 5SÞ), 394.7

(Oð4p 5P! 3s 5SÞ), 645.4 nm (Oð5s 5S! 3p 5PÞ), 844.6 nm

(Oð3p 3P! 3s 3SÞ), 700.2 nm (Oð4d 3D! 3p 5PÞ), 533.0 nm

(Oð5d 5D! 3p 5PÞ), 595.8 nm (Oð5d 3D! 3p 3PÞ), and

725.4 nm (Oð5s 3S! 3p 3PÞ). The highest intensity corre-

sponds to the 777.4 nm line. There were emission bands in the

wavelength range of 520–530 nm and 550–565 nm from

Oþ2 ðb 4R�g ! a 4PuÞ, but no evidence of strong O2 emission

was found. The intensities of the O peak and Oþ2 bands were

found to decrease with increasing pressure.
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FIG. 1. Spectra of optical emission from inductively coupled (a) Ar discharge at p¼ 10 mTorr and P¼ 500 W (the distinct color lettering of the peaks denotes

the corresponding lower level of the optical transitions), (b) O2 discharge at p¼ 10 mTorr and P¼ 500 W, (c) O2-10%Ar discharge at p¼ 10 mTorr and

P¼ 500 W, and (d) O2-90%Ar discharge at p¼ 10 mTorr and P¼ 500 W. For (b)-(d), the distinct color lettering of the peaks or the bands denotes the catego-

ries of the optical transitions from specific species.

FIG. 2. (a) The conventional and (b)

modified Boltzmann plots obtained from

Ar lines for 1.5 mTorr and (b) 40 mTorr

of the O2-100%Ar plasma at 500 W. Texc

and TeOES values deduced from linear fit

are indicated. Ei is the energy of the

upper levels of the radiative transition.

The electron temperatures measured by

OES and by the Langmuir probe are com-

pared as a function of pressure for (c)

pure Ar discharge and (d) O2-10%Ar dis-

charge. The pressure range is from 1.0

mTorr to 40 mTorr and P¼ 500 W (All

axes suppress zero point).
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Figures 1(c) and 1(d) present typical optical emission

spectra of ICP O2-Ar plasmas operated in different Ar con-

tents (10% and 90%). The main emission peaks correspond

to several transition lines of atomic oxygen and argon and of

molecular oxygen. The emission intensities of all peaks sig-

nificantly increased with power, while they overall decreased

with pressure, presumably due to a decrease in Te. But the

normalized intensities of 844 nm and 777 nm lines to the 750

Ar line was observed to increase slightly with pressure (data

not shown). The Ar content in the gas mixture does not make

a noticeable influence on the emission intensities of the typi-

cal lines of O. By decreasing the amount of molecular O2

with increasing Ar content, the number densities of excited

atomic O and Oþ2 would also decrease. However, with the

addition of Ar, Penning excitation and Penning dissociation

due to Arm cause the densities of the excited states of O, O2,

and Oþ2 to increase trading off the decrease in the amount of

O2. An increase in the Ar content results in a slight increase

of the emission intensity from O atoms. As the Ar content is

increased, the line intensities from Ar atoms and Ar ions

including O atoms increase in a nearly linear manner, indi-

cating an enhancement in excitation frequency, presumably

because of an increased number density of higher energy

electrons. Especially, at 70% Ar content, the 811 nm line

intensity shows a drastic increase, which may be caused by

the increase in Ar metastable. The normalized line intensities

from the argon ions at 358.8 nm and 434.8 nm lines to the

750 Ar line is observed to decrease with Ar content (data not

shown). This ratio of intensity is also observed to slightly

decrease with increasing pressure and power while the ratio

of the emission intensity of 3p! 1s to that of 2p! 1s

remains unchanged with pressure and power.

We can proceed to evaluate the excitation temperature

and the electron temperature in our plasmas by using the

conventional (Eq. (4)) and the modified Boltzmann plot

method (Eq. (5)). We present in Figs. 2(a) and 2(b) the con-

ventional and modified Boltzmann plots corresponding to

pure Ar plasmas. The error bar includes the uncertainty asso-

ciated with the spectral response of the detection system and

the error due to the dispersion exhibited by the experimental

data. Figure 2(c) shows the changes of TeOES and Texc as a

function of pressure in pure argon discharges. The conven-

tional Boltzmann plot is found to have a little larger slopes

than those of the modified Boltzmann plot. Therefore, Texc is

a little less than TeOES. This may be connected to the fact that

TeOES derived from the coronal model is sensitive to the high

energy tail of the electron energy distribution function since

it only assumes ground state excitation. The observation that

Texc is less than TeOES is in contrary to the case of the capa-

ctive discharges operating at the pressures of several hun-

dreds mTorr.24 However, both the plots give a reasonable

estimate of average energy of electrons, and the variation

trends of TeOES and Texc with operating parameters are

observed to be similar. As we will see later, the Langmuir

probe method provides values of Te comparable to TeOES.

This can be explained by the fact that the Te obtained by the

EEDF integration method (Eq. (2)) accounts for the contribu-

tion from all the energy range of electrons. For plasmas with

low Ar content (Fig. 2(d)), the difference between TeOES and

Te from the probe method is observed to be a little larger

compared to that in the pure argon discharge.

But the difference between TeOES and Texc is observed to

depend on the operating parameters. Figure 3 shows the

changes of TeOES and Texc as functions of power and Ar con-

tent. When the gas pressure goes to 40 mTorr, the difference

becomes small. This can be explained by a depletion of

the electron population in the high-energy region with the

pressure increase. In a general statement, the electron tem-

perature decreases with increasing pressure, power, and Ar

content. The difference between TeOES and Te measured by a

Langmuir probe is observed to be not significant.

The calculated density ratios n1s5
=ng and n1s3

=ng are

shown in Fig. 4 (ng is the ground state density of Ar atoms).

FIG. 3. Comparison of the electron temperatures and the excitation tempera-

tures measured by the OES models as a function of power for (a) pure Ar

discharges at 1.4 mTorr and (b) at 40 mTorr. (c) The electron temperatures

as a function of the Ar content at 40 mTorr O2-Ar discharge.
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In pure argon discharges, the ratio n1s5
=ng decreases with

increasing pressure whereas the ratio n1s3
=ng increases

slightly. In O2-10% Ar discharges, the ratio n1s5
=ng becomes

about three times lower compared to that in pure Ar dis-

charges. This is connected to the fact that the quenching of

metastables by oxygen will begin to dominate at higher oxy-

gen abundances, and thereby the discharge will resemble

more and more discharges in pure oxygen.4 This phenomenon

has some implications in estimating the dissociation fraction

of oxygen molecules for O2-Ar discharges. More elaborate

OES model should take into account cascading contributions

from higher excited states, collisional excitation from

metastable states, and also from photon reabsorption.14

As we will see later in Eq. (13), in order to accurately

estimate the dissociation fraction of oxygen molecules in

Ar-O2 plasmas, it is necessary to determine not only the elec-

tron temperature but also the electron density. Figures 5(a)

and 5(b) show the evolutions of the electron density and the

electron temperature obtained by the electric probe with

pressure in Ar and O2 plasmas. As expected, in Ar plasmas,

the electron density increases with increasing pressure while

the electron temperature decreases with it. In pure O2 plas-

mas, the electron density is lower than that of Ar plasmas

since the electrons lose their energy via various loss channels

such as ionization and excitation, including vibration and

rotation collisions, as well as the escape to the chamber

walls. However, both Ar and O2 plasmas are observed to

have comparable electron temperature. In addition, it is

observed that ne varies weakly with pressure compared to

pure Ar plasmas over the range studied.5 The electron den-

sity is observed to increase with increasing pressure at a low-

pressure range, and have a maximum, and then decrease

slightly. This behavior was also observed in our earlier

works.32,33

Figures 5(c) and 5(d) present the electron density and

the electron temperature as a function of power for two dif-

ferent Ar contents (5% and 10%) in 10 mTorr O2-Ar plas-

mas. As expected, the electron density increases with

increasing power while the electron temperature decreases

slightly. With an increase in the Ar content, the electron den-

sity is observed to increase and the electron temperature

decreases. This is due to the fact that there exist additional

electron energy loss channels with O2 addition. It should be

noted that although not shown in the figure, the measured

FIG. 4. Calculated fractions of metastable argon atoms (n1s5
=ng and n1s3

=ng)

in (a) pure Ar discharge and (b) a comparison of n1s5
=ng in pure Ar dis-

charge with that (multiplied three times) in O2-10%Ar discharge.

FIG. 5. Electric probe measurements; (a) electron densities (ne) and (b) elec-

tron temperatures (Te) as a function of pressure in Ar and O2 discharges, and

(c) ne and (d) Te as a function of power for two different Ar contents (5%

and 10%) in 10 mTorr O2-Ar discharges.
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EEDF can be considered as a Maxwellian distribution. This

allows us to use Maxwellian electron energy distribution

functions in obtaining the electron-impact rate coefficients

(as in Eqs. (8)–(10)).

In oxygen plasmas, atomic oxygen species are mainly

produced by the electron-impact processes such as dissocia-

tive collisions between electrons and oxygen molecules or

between electrons and oxygen molecular ions (dissociative

recombination). These processes depend strongly on the

electron temperature. However, in oxygen-argon plasmas,

there exists dissociation mechanism associated with the

excited state Ar. Based on the actinometry, the dissociation

fraction of oxygen molecules is calculated as functions of

pressure and power as shown in Figs. 6(a) and 6(b). For

O2-Ar 5% discharge at 30 mTorr, the dissociation fraction is

increased slightly from 0.028 to 0.031 with increasing power

from 300 to 500 W. For O2-Ar 10% discharge at 500 W, the

dissociation fraction is increased slightly from 0.043 to

0.057 with increasing pressure. It should be noted that an

enhancement of oxygen atom density is associated with an

enhancement in the electron density (with higher energy),

but a decrease in Te is not necessarily associated with a

decrease in dissociation fraction.34 From global balance of

the discharge kinetics, the dissociated neutral atom density is

expected to be proportional to the power.35 This is also con-

firmed in the figure.

As shown in Fig. 6(c), the dissociation fraction is found

to increase with increasing Ar content. The actinometry for

larger Ar-content discharges would give an overestimated

value for dissociation fraction because the Penning excita-

tion of oxygen atoms due to excited Ar and/or dissociative

excitation of oxygen molecules due to Ar metastables should

be considered. The dissociation fraction considering the lat-

ter effect can be modified as

½O�
½O2�

� �
corrected

¼ ½O�½O2�
� ½Arm�km

diss

nek3P
e

; (13)

where km
diss is the rate coefficient for Penning dissociation of

oxygen molecule due to Ar metastable atoms.10,36 Actually,

because Penning dissociation process results in ground state

and metastable oxygen atom, not excited oxygen atoms in

the model process, the real rate coefficient in the correction

term may be much less than km
diss. Although ½Arm� can be

almost comparable to ne in pure Ar plasmas (as was noticed

from Fig. 4), normally ½Arm� is less than ne in O2-Ar plas-

mas, and k3P
e is larger than km

diss,
30 therefore the correction

term is not significant, and Eqs. (12) and (13) could be uti-

lized to calculate the dissociation fraction for oxygen

discharges with a higher Ar content under the operating con-

ditions of this study. The value of ½Arm� can also be deter-

mined with advanced diagnostics methods such as laser

induced fluorescence or laser absorption spectroscopy.4

Then, the oxygen atom density can alternatively be calcu-

lated. The trend of change in the dissociation fraction corre-

lates well with the electron density and the electron

temperature presented in Fig. 5.

V. CONCLUSION

Optical emission spectroscopy of low-pressure induc-

tively coupled argon, oxygen, and Ar-O2 mixture plasmas

was performed. It was found that although the emission

intensities from argon ion increased with increasing power,

the intensity ratios of these lines to the 750.4 nm line

decreased slightly with power. These ratios also decreased

with increasing pressure and Ar content. This observation

indicates that the increase in excitation of Ar atoms becomes

larger than that of Ar ions with increasing pressure and Ar

content. By using the conventional and the modified Boltz-

mann plot methods, the excitation temperature (Texc) and the

electron temperature (TeOES) were evaluated, respectively,

and the change of these temperatures was explored as func-

tions of pressure, Ar content, and power. The Texc, derived

from the conventional (LTE) Boltzmann plot, was a little

less than TeOES derived from the corona model. This is con-

nected to the fact that TeOES is sensitive to the high energy

FIG. 6. Estimated dissociation fractions; (a) as a function of pressure at

p¼ 500 W (with the Ar content 10%), (b) as a function of power at p¼ 30

mTorr (with the Ar content 5%), and (c) as a function of the Ar content at

p¼ 40 mTorr and P¼ 500 W.
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tail of the electron energy distribution function since it only

assumes ground state excitation. Although Texc is found to be

a little less than TeOES, both give a reasonable estimate of

electron temperature and have a similar behavior of change

with operating parameters. When the gas pressure goes to 40

mTorr, the difference between Texc and TeOES even becomes

small. It was also found that, in general, Te decreased with

increasing pressure and slightly decreased with increasing

Ar content and power. Generally, the Langmuir probe

method provided values of Te comparable to those from the

OES model. In Ar-O2 discharges, the dissociation fraction of

O2 increases with increasing power and Ar content. The acti-

nometry method to obtain the dissociation fraction employed

in this work could also be applied to Ar-O2 mixture plasmas

with a large Ar content.
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