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Abstract
Low pressure capacitively coupled He—O,/Ar mixture plasma is investigated using optical
emission spectroscopy and Langmuir probe (LP) techniques and the effects of discharge
parameters i.e. radio frequency (RF) power, filling gas pressure and oxygen concentration on
electron density (n,), electron temperature (7,), excitation temperature (7,,.), plasma potential
(V},) and electron energy probability function (EEPF) are monitored. It is noted that n, increases
with increase in RF power and filling gas pressure, while it decreases with increasing O,
concentration. The LP technique and Boltzmann plot method are employed to determine 7, and
T.xe- T, and T,,. estimated by both methods shows similar decreasing trend with increasing RF
power and filling gas pressure. A sudden increase in n, and decrease in 7, is noted with RF
power, indicating a mode transition i.e. from alpha () to the gamma (y) mode. The threshold RF
power for the v mode shifts from higher to lower value (150-120 W) with increasing gas
pressure (0.3-0.5 mbar). This trend reverses and shifts from lower to higher RF value i.e. from
110 W (pure helium) to 150 W (8% O,) with increase in O, concentration. Investigation of EEPF
profile states evolution from Druyvesteyn-like to bi-Maxwellian distribution with increase in RF
power and filling gas pressure; due to mode transition and decrease in the height of high energy
tail of EEPF. Similarly, the effect of O, mixing on the shape of EEPF is also investigated. It is
noted that in pure helium discharge the EEPF is bi-Maxwellian in nature, while addition of O, in
the mixture results in the broadening of the EEPF. Moreover, the height of high energy tail of
EEPF also increases. Finally, an increasing trend in atomic oxygen density [O] is noted with
increase in RF power, pressure and O, concentration.

Keywords: CCP, alpha (o) mode, gamma () mode, EEPF, langmuir probe (L.P),
Boltzmann plot

(Some figures may appear in colour only in the online journal)

1. Introduction deposition of organic and inorganic materials and surface

treatment [1-3]. Low pressure CCP discharges are stable and
The radio frequency capacitively coupled plasmas (RF-CCP) offer high voltage sheath and ion energies. However, the ion-
have been investigated to great extent due to the wide-range ~bombardment energy cannot be controlled independently
of applications in microelectronics industry e.g. removal and from the ion flux and low electron densities are reported.

Lately, CCP discharges with higher electron density and low
* Author to whom any correspondence should be addressed. ion bombardment energy have been investigated [1, 4, 5].
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Due to the large area, parallel plate capacitively coupled
reactors can also be used for plasma enhanced chemical vapor
deposition, in which deposition rate can be enhanced by
increasing RF power [6]. Different working gases and their
mixtures can be used depending on desired applications.

Capacitively coupled RF helium plasmas are stable and
non-equilibrium in nature due to comparatively high electron
mobility and heat conductivity which qualifies it to be used
for efficient operation, not only at low pressure but also at
atmospheric pressure [7-9]. Helium metastable states, acting
as energy reservoir, also play a vital role to sustain the plasma
through Penning ionization, as well as interact with other
species and thereby initiating chemical reactions in the plasma
itself and also on the surface exposed to it [9]. To achieve
more technological benefits, reactive molecular gases like O,,
N, and CF, are added in small percentages to generate che-
mically active species [10, 11]. The addition of a few percent
of oxygen can provide oxidative power by producing high
number densities of reactive oxygen species (ROS) [12-16].
These species include O, metastable, O, ions or O atoms
which act as a reactant for the oxidation of material surface.
Moreover, these species are also important for surface mod-
ification and deactivation of the bacteria [17, 18]. Oxygen
containing plasmas are also found to be effective to improve
the properties of biocompatible surfaces [19, 20] and for the
removal of photoresist films on the surfaces thus cleaning the
substrate after etching process [21, 22].

Several investigations on characterization of He-O,
mixture plasma at atmospheric pressure have been performed.
Kimura et al performed electrical and optical measurements
of capacitively coupled RF He/O, mixture discharge at
atmospheric pressure by varying O, fraction from 0 to 4% in
helium discharge [7]. Jin et al explored a fluid model to study
the production of ROS in atmospheric pressure RF He/O,
mixture discharge and found a good agreement between
simulation and experimental results [23]. Chen et al did
numerical study to explore the effect of O, concentration on
electron energy distribution function (EEDF) in atmospheric
He/O, and Ar/O, plasmas in three different discharge phases
using particle-in-cell Monte-Carlo collision model [24].
Zhang et al used one-dimensional fluid model to investigate
energy efficiencies in producing ROS densities and wall
fluxes in He—O, dielectric barrier discharges for varying O,
concentrations [25].

Most of the studies on He—O, mixture plasma have been
conducted at atmospheric pressure and limited literature is
available for capacitively coupled He-O,/Ar mixture plasma
in the low-pressure regime. The low-pressure systems offer
benefits over their atmospheric pressure counterparts such as
accelerating the electrons to higher energies due to their larger
mean free path at low pressure. This effect enables high
temperature processes like excitation, ionization and dis-
sociation to occur at relatively lower gas temperatures [26].
Also at low pressure, due to the large mean free path of the
electrons, the kinetic effects become more important [27]. In
the presence of electronegative gases like O,, low pressure
plasma can offer complex mixture of excited and reactive
species, energetic radiations and ions which bombard the
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Figure 1. Schematic diagram of experimental setup.

target surfaces and initiate quick erosion of biological mat-
erial and inactivation of bacteria, while remain relatively
harmless to underlying substrate [26, 28]. The plasma
chemistry can also be affected by the different systems vari-
ables like gas pressure, gas flow rate, applied RF power,
temperature of the substrate, reactor-configuration and mate-
rials of construction which are used for the optimization of the
process.

In the present study, He—O,/Ar mixture plasma at low
pressure is characterized to explore optimum conditions for
different applications especially for plasma-based steriliza-
tion. Plasma parameters like electron density (n,), electron
temperature (7,) and EEDF are particularly more important
for understanding the mechanism governing different pro-
cesses in the plasma. Thus effect of discharge parameters (RF
Power, filling gas pressure and different O, concentrations)
on electron density (n,), electron temperature (7;), excitation
temperature (7;,.) plasma potential (V,), evolution of electron
energy probability function (EEPF) and atomic oxygen den-
sity [O] is explored. To investigate these parameters, single
Langmuir probe (LP) and optical emission spectroscopy
(OES) techniques are used. To estimate [O], trace rare gas
optical emission actinometry technique is employed. Finally,
electron temperature measured by LP and excitation temper-
ature measured by Boltzmann plot method has been
compared.

2. Material and methods

Figure 1 shows the schematic illustration of experimental
setup. An arbitrary waveform signal generator TGA12104
and PRANA broadband power amplifier (DP 140 DC) cou-
pled with a matching network were used to feed RF power to
a capacitively coupled plasma source, at an operating fre-
quency of 13.56 MHz. He-O,/Ar plasma was generated and
sustained in an indigenously developed stainless steel cham-
ber of height 42 cm and diameter 39 cm. The diameter of the
electrodes was 14 cm and the separation between them was
4.5 cm. Before filling the gases, the chamber was evacuated
using rotary vane pump to a base pressure of 0.003 mbar. The
gases flow rates were monitored and controlled using Tele-
dyne Hastings mass flow meters. Data was acquired at a fixed
flow rate of 25 SCCM for pure He and He-O,/Ar mixture
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discharge. The He/O, concentrations were varied, while the
Ar fraction, being used as an actinometer, was kept fixed at
4%. O, concentration was increased while He concentration
was decreased for each set of data till the maximum O,
concentration was 24%. The filling gas pressure was varied
from 0.3 to 0.5 mbar, while RF power was varied from 20 to
160 W. The time-integrated emission spectra were recorded
by an AVANTES (five-furcated) high-resolution spectro-
meter, having resolution 0.06—1.3 nm (at FWHM) and spec-
tral range 250-900 nm. These spectra were then normalized
for the spectral response of the optical fiber, grating and
optical window. OES technique was used to estimate the
excitation temperature (7,,.) and atomic oxygen density [O]
by analyzing these normalized spectra while a single RF
compensated LP, purchased from Impedans Ltd was used to
estimate the electron density (n,), electron temperature (7,),
plasma potential (V,), and EEPF.

2.1. LP measurements

The LP used in the study is a single RF compensated LP
(Impedans Ltd), consisting of a single wire made up of
tungsten whose length and radius are 10 mm and 0.195 mm
respectively. Only 5 mm of the probe tip is exposed to the
plasma while the remaining 5 mm is covered with ceramic
tube. The probe is placed between two electrodes to char-
acterize the bulk plasma by measuring current drawn from
plasma to the probe as a function of voltage relative to a
reference surface. The upper electrode and the chamber wall
are grounded and serve as the reference surface for LP
measurements. The probe current is collected by applying
bias voltages in the range of —20 to 50 V with the voltage
step size of 0.5 V. To avoid contaminations, the probe tip
cleaning feature is used by applying 150 V biasing voltage to
clean the probe between the scans through electron bom-
bardment. The Automated Langmuir Probe Software, pro-
vided by Impedans Ltd analyzed the I-V characteristic curves
to measure electron density (n,), electron temperature (7,),
plasma potential (V},), and EEPF.

Plasma potential (V,), the potential on the /-V char-
acteristics at the transition point between electron retarding
and electron saturation region, is determined by the inter-
secting slope method whereas electron temperature (7;) and
electron density (n,) are calculated from [~V characteristics
curves of LP using current measured at V, as;

1 1(V},)
- = V—” (1)
kT, v
¢ I(V)dv
Vr
and
1V,
n = 100D | Zmme @
Ap €2k37:5

where equations (1) and (2) are valid for Maxwellian dis-
tribution. In these equations, kg is the Boltzmann constant,
Vyand V; are the plasma potential and the floating potential,
respectively, V is the probe bias with respect to the plasma
potential and / is the probe current. In equation (2), A, is the

probe area, m, is the mass of electron and e is the charge of
electron.

The EEDF of the plasma is estimated from the second
derivative of the I-V characteristics, with ion current sub-
tracted from the total probe current, by applying the ‘Druy-
vesteyn Method’ as [29, 30]:

&1, €*A,

2e
TR A 3)

Here f,(¢) is the EEDF, ¢ is the energy variable, I, is the
electron retarding current, V is the probe bias with respect to
plasma potential V), A, is the surface area of the probe tip, ¢
and m, are the charge and mass of electron respectively.
Usually, it is convenient to express the electron distribution in
terms of EEPF denoted by F(¢), rather than EEDF; as it is
more helpful in determining the nature of the distribution. The
EEPF F(¢) can be related to EEDF as;

F(e) = e % (e). 4)

2.2. OES measurements

OES is a non-intrusive and reliable technique used to estimate
the plasma parameters. Currently, excitation temperature
(T.x) is estimated using Boltzmann plot method, while trace
rare gas optical emission actinometry technique is used to
determine atomic oxygen density [O] in He-O,/Ar mixture
plasma.

2.2.1. Excitation temperature. The electron temperature (7,)
is a key parameter which plays active role in the generation of
reactive species. Different reaction rates like electron impact
excitation, dissociation, and ionization etc are strongly
affected by variation in 7,. It also controls the chemical
reactions occurring inside the plasma. Besides intrusive LP
technique, 7, can also be determined by OES based on
equilibrium models. However, determination of 7, directly
from spectral lines is not always straightforward due to
cumbersome interpretation using complex equilibrium
models. The excitation temperature (7.), on the other
hand, is sometimes more proficient to characterize the
plasma. The reason for this is that T;,., which governs the
population of excited levels, is comparatively easy to
determine [31]. Moreover, when the electron density is
greater than a critical value established by the Griem criterion,
the system is in local thermodynamic equilibrium (LTE) and
in this case T, is close to 7, [32]. The laboratory or industrial
processing low pressure plasma rarely satisfies LTE condition
and thus T, is different from 7, in such non-equilibrium
plasma. However, T,,. can still give the estimation of the
electron temperature, when excited levels populate according
to Boltzmann distribution, and follow the similar trend with
respect to different discharge parameters and thus can be a
good alternate diagnostic in different discharges [31].

The present study deals coronal equilibrium in which
electron impact excitation is the forward process and
spontaneous decay is the reverse process and Boltzmann plot
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Figure 2. Boltzmann plot used to estimate T, in He 92%-0, 4%-Ar
4% gas mixture for 0.3 mbar pressure and 150 W RF power.

technique gives excitation temperature T, rather than
electron temperature [33]. To obtain 7,,., Ar I emission lines
are used by assuming that upper energy levels of these lines
populate following Boltzmann distribution. Under this
condition, atomic emission intensity (/;) of the transition
from level j to level i is given by [34];

E:
eXP(— : ) &)
kBT;zxc

where h is the Planck constant, ¢ is the speed of light, \; is the
wavelength of the corresponding transition, n is the total
population of particular species in all atomic states, g; is the
statistical weight of level j, Aj; is the transition probability of
spontaneous emission between the levels j and i, also called
the Einstein coefficient, Z(T,,.) is the partition function, E; is
the energy of the upper level j, kg is the Boltzmann constant

_ he ngdi
"N Z(Toe)

and T,. is the excitation temperature. Rearranging
equation (5), we get
I\ E.:
In| 2L = ——.— 4 constant. (6)
8iAji kp Toxe

This is equation of straight line and from inverse of the
slope of above Boltzmann plot 7,,. can be estimated. Figure 2
shows the Boltzmann plot of the experimental data obtained
at 0.3 mbar and 150 W with 4% O, concentration in the
mixture. The spectroscopic data corresponding to the lines
selected for this study is given in table 1.

2.2.2. Measurement of the ground state atomic oxygen density
using actinometry. Actinometry is a popular OES based
technique used for qualitative and sometimes quantitative
determination of particle densities in a discharge. This method
was first introduced by Coburn and Chen [36] in which a
small amount (1%-5%) of a noble gas (e.g. Ar) is added as an
actinometer whose ground state atomic density is known.
Comparative measurement of the emission line intensities of

Table 1. Spectroscopic data corresponding to selected Ar lines for
the calculation of Tg. [35].

i (nm)  E;(eV) &  A;(108%7')  Spectral response R
603.21 15.13 9 0.0246 0.34
693.76 14.69 1 0.0308 0.39
696.5 13.33 3 0.064 0.37
720.69 15.02 3 0.0248 0.30
731.17 14.84 3 0.0170 0.28
750.4 13.48 1 0.45 0.28
794.8 13.28 3 0.186 0.19
800.6 13.17 5 0.049 0.18
811.5 13.07 7 0.33 0.14
826.5 13.33 3 0.153 0.12
842.5 13.10 5 0.215 0.11

the actinometer and the species of unknown density leads to a
simple relation:

o _ I 7
[Act] Irct

Here [Y] is the unknown atomic density of species Y and [Act]
is the known atomic density of the actinometer. Iy and I, are
the optical emission line intensities of the species of interest Y
and the actinometer respectively. The factor C is considered
to be a constant. The basic requirements for an actinometry
relation (equation (7)) used to measure the unknown density
of reactive species are as follows:

(1) Electron impact excitation directly from the ground
state is the main excitation mechanism for both the
actinometer and the species of interest.

(ii) Electron impact excitation cross-sections for the
actinometer and the species of interest have similar
threshold energies and energy dependencies.

(iii) Quenching processes are insignificant.

In He—O, mixture plasma, Ar is added in a small amount,
as an actinometer, to determine the atomic oxygen density
[O]. Two spectral lines Ar (2p;—1s,) at 750 nm and O (3P—BS)
at 844nm are selected for actinometric measurements.
Following excitation and de-excitation channels for the
selected spectral lines are used [37].

Ar (2p;) state is populated mainly through electron
impact excitation from the ground state, as the basic
requirement for actinometry to be valid, while two step
excitations can be neglected;

2

e + Ar(lpy) — Ar(2p,) + e. (8)

The oxygen excited state O (3p 3P), on the other hand,
can be populated by two mechanisms:

i) Direct electron impact from ground state;

kg
e + 0@Qp*3P) = OBp 3P) + e. 9
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ii) Dissociative excitation of ground state molecule by
electronic collision;

3p

k
e+0,50+03p P) +e. (10)

The excited states are depopulated through radiative de-
excitation as

A

Ar(2p;) = Ar(1py) + hv(750.4 nm) (11)
AX

O@p 3P) - O@3s 35) + hv(844.6 nm). (12)

The quenching of O (3p 3P) state by O, molecule is
considered negligible as pressure is low. Considering
equations (8)—(12) as production and destruction mechanisms
for the given excited states, the theoretical emission
intensities of the selected Ar and O lines can be written as;

n hU75()A plkz‘pl [Ar]
ZAZPI
nehvsas A (k101 + kgl10,1)
AT

here n, is the density of electrons and > Aj; is the cumulative

Lso = (13)

Ly = (14)

transition probability from level j to lower level i. kAp "and k
are the rate coefficients of direct electron impact ex01tat10n

from ground state of Ar and O, respectively while kgf; is the
dissociative excitation rate coefficient of O, molecule. These
rate coefficients are measured through Bolsig® (Siglo
Kinema); Boltzmann equation solver by assuming Maxwel-
lian EEDF [38]. The cross sections used to calculate these rate
coefficients for the selected argon Ar (2p;) 750nm and
oxygen O (°P) 844nm lines are taken from the litera-
ture [37, 39].

Taking the ratio of oxygen line intensity Igy4 to the argon
line intensity I75;

hU844Aj3ip ZA2P1

s _ 101 + k10D o
bso  huysoAT" YOAY kP Ar]
Simplifying and rearranging the equation;
Iyaa Ki¥! kb
[0] = Cin A [4r] — —2 0, (16)
P hso k3 kol
o h7)750Aj2”1 Azp
where C3" = FogAT ZA2”1 is a constant.
The contribution of dissociative excitation in the

production of oxygen excited state O (3p °P) is small i.e.
3p

kd” < 1 as shown in figure 3 and thus can be neglected. The

densuy ratio is then given by;

o] _ 2;1 Iy kA;» _ 1L 1o Jsas i k2 . an
[Ar] Lso ky” bso kg

1.0

Ratio of Rate Coefficients

0.0

- ——————
2 4 6 8 10 12 14 16 18 20 22 24
Mean Electron Energy (eV)

Flgure 3. Variation of the ratio of rate coefficients ;"' /k? and
e ) k as function of mean electron energy.

3. Results and discussion

Electron density (n,) and electron temperature (7,) are the key
parameters which control the production and destruction rates
of active species generated in the plasma. Currently, these two
parameters and EEPF are studied using OES and LP techni-
ques. Figures 4(a) and (b) show the variation in n, measured
with LP as a function of applied RF power, filling gas pres-
sure and different gases concentration. It is clear from the
figure 4(a) that n, increases with RF power and filling gas
pressure at 4% O, concentration in the mixture. This behavior
of n, is due to energy gained by the electrons, as the RF
power increases, which become energetic enough to cause
enhanced ionization and excitation, resulting in an increase in
n.. Whereas increased n, at higher filling gas pressure is due
to decrease in mean free path. Similarly, higher concentration
of He in the mixture is also responsible for the increase in 7,
due to Penning ionization (He” + O, — He +0J +¢) with
increasing pressure [11, 40]. Moreover, at higher RF power,
an abrupt increase in 7, is also observed which indicates mode
transition from the alpha («) to the gamma () mode. It is
clear from figure that mode transition initiates at 150 W for
0.3 mbar pressure and it shifts towards lower power i.e.
130-120 W with increase in pressure from 0.4 to 0.5 mbar
respectively. Figure 4(b) shows the variation in n, with RF
power for pure He and different O, concentrations in the
mixture. It is noted that n, exhibits similar trend for RF power
in pure He as well as for two different O, concentrations but
decreasing trend in n, is noted with increase in O, con-
centration in the mixture. This fact can be explained as; at
higher O, concentration the Penning ionization process
reduces, resulting in a decreasing trend of n.. Moreover, due
to the electronegative nature of oxygen, O~ and O, are
formed relatively easy through the electron impact dissocia-
tion (O, + e — O+ O7) and three body attachment
(e + 0,4+ M — O, + M) of electrons to O, molecules
[41, 42], which leads to a decrease in n,. RF power required
for operating the discharge in v mode is also shifted towards
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Figure 5. Variation in electron temperature 7, with RF power and (a)
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higher values i.e. from 110 W, for pure He discharge, to 140
W and 150 W with the addition of 4% and 8% O, in the
mixture, respectively. This shifting of RF power towards
higher values can be attributed to the increase in energy loss
through molecular rotational and vibrational excitations along
with dissociative processes associated with the addition of O,
in the mixture. Since, these processes do not directly con-
tribute to ionization processes and, therefore higher RF
powers are required for the discharge to operate in -y
mode [9].

Figure 5 represents the variation of 7, (measured by LP)
with RF power, filling gas pressure and different gases con-
centration. It is clear in figure 5(a) that 7, exhibits the
decreasing trend with both RF power and filling gas pressure
at a fixed O, concentration. This decreasing trend with RF
power is due to the increase in n,, leading to increase in
electron—electron collision frequency compared to electron—
neutral collision and resulting in the decrease in 7,. Similarly
decrease in 7, is also due to increase in collision frequency
with the increase in pressure. Moreover, a sudden decrease in
T, is also noted at 150 W, 130 W and 120 W for the pressures
of 0.3 mbar, 0.4 mbar and 0.5 mbar, respectively. This abrupt

T sz - —_—Pure He
. /v\\/__\ : ) —0—024%
7 / LN T i _ —=—028%
. Y

Electron Temperature (eV)

0.4 mbar

— T T T T T T 1
20 40 60 80 100

(b) RF Power (W)

1 L
0 120 140 160 180

filling gas pressure with 4% O, in the mixture (b) different O,

decrease is attributed to a transition of the discharge from the
« to the v mode due to an abrupt increase in n, at these
powers, as shown in figure 4(a). On the other hand,
figure 5(b) depicts the variation in 7, with RF power for pure
He and two different O, concentrations, at a fixed pressure of
0.4 mbar. It is noted that 7, decreases with RF power for pure
He and different O, concentrations but it increases with
increasing O, concentration in the mixture. This trend can be
related to decrease in n, due to electron attachment processes
with increasing O, concentration in the mixture. This results
in the decrease in electron—electron collision frequency,
thereby giving the electrons enough time to gain energy
between successive collisions and thus increasing T,.

Figure 6 shows the comparison of T,(LP) measured by
the LP and T,.(OES) measured by the Boltzmann plot
method; as a function of RF power and filling gas pressure at
a fixed O, concentration. It is clear from the figure that both
1,(LP) and T,,.(OES) exhibit similar decreasing trend with
RF power and gas pressure. Since in non-thermal plasma the
Boltzmann plot method, based on OES, gives T, while LP
provides 7, thus higher value of 7,(LP) is noted compared to
T, (OES). In addition, minor deviation in the 2nd derivative
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Figure 6. Variation in 7,(LP) and T,,.(OES) with RF power and
filling gas pressure with 4% O, in the mixture.

of I-V characteristics from the usual course is noted due to
insufficient RF compensation at low RF powers, leading to
higher value of 7, determined by LP.

Plasma potential (V,) is another significant parameter
which regulates the ion energy in the sheath region. Any
variation in it controls the strength of the electric field that
energizes the electrons and gives rise to ionization processes
to sustain the discharge. Figure 7(a) shows the variation in V,,
with RF power at two filling gas pressure and with 4% O,
concentration in the mixture. It is clear from figure that V,
increases with the increase in RF power. However, at low RF
powers i.e. up to 80 W, rapid increase in V, is noted which
may be due to smaller degree of ionization at low RF powers
and due to diffusion of electrons towards the wall. This
increasing trend persisted but the rate of increase is com-
paratively low and become nearly steady at 140 W. Although
n, continuously increases at higher RF power, some electrons
might be consumed by the oxygen atoms and molecules to
form negative ions, thus causing continuous increase in V,,. On
the other hand, slight decrease in V), is observed with the
increase in pressure due to the increase in n, with pressure.
Similarly, variation in V,, with different O, concentration in
the mixture is shown in figure 7(b) and slight difference in the
V,, for two different O, concentrations is noted up to 70 W RF
power. But at higher RF powers V), increases for higher O,
concentration due to decrease in n, (figure 4(b)).

To understand the kinetics of the discharge, the evolution
in EEDF has also been discussed because, in non-thermal
plasma, it defines the heating mechanism and various col-
lision processes in the discharge [24]. It is therefore important
to have a profound knowledge about the electron energy and
its distribution in the plasma. For better understanding, it is
customary to show the energy distribution function in terms
of EEPF. Figure 8(a) shows the evolution in EEPF, measured
with LP, with RF power at 0.4 mbar pressure and 4% O, in
the mixture. It is clear from the graph that with increase in RF
power i.e. 20160 W, a significant increase in the density of
bulk electrons (0-5 eV) is noted. Moreover, it is also noted

that at low RF powers, EEPF are convex and have Druy-
vesteyn-like shape while with increase in RF power, beyond
100 W, EEPF width decreases and it evolve from Druyves-
teyn to bi-Maxwellian. As a result, T, decreases which is
evident in figure 5. These facts can be explained as; at low RF
power collisional or ohmic heating is responsible for sus-
tainment of the discharge and thus broadening in EEPF pro-
file is observed [43]. RF field (E), responsible for collisional
heating, is inversely proportional to the n, i.e. E «x Jp/ n,,
where Jp is the discharge current density. Thus a lower n,, at
low RF power, leads to an higher RF electric field within the
plasma bulk which is responsible for enhancing the broad-
ening due to collisional heating [44]. On the other hand, at
higher RF power beyond 100 W, the EEPF becoming con-
cave, narrow and shape resembles to bi-Maxwellian. This
change in shape between 130 and 160 W indicating the
initiation of mode transition, i.e. from the alpha («) to the
gamma () mode, at a given pressure and O, concentration
[45]. This happens when large amount of applied RF power is
consumed in the sheath region to accelerate the ions. These
accelerated ions collide with the surface of electrodes and
cause secondary electron emission. Moreover, in the v mode
ionization predominantly occurs by secondary electrons and
consequently, electron temperature decreases as depicted in
figure 5. Further, dips in EEPF profiles beyond 20 W are
noted, in the energy range of 7-10 eV, which might be due to
loss of electrons through inelastic collisional process such as
vibrational or rotational excitation of O, molecule.

Figure 8(b) shows the evolution in EEPF with pressure at
150 W RF power and 8% O, in the mixture. It is clear from
the graph that EEPF transforms from Druyvesteyn-like to bi-
Maxwellian due to conversion of the shape of EEPF from
convex to concave; as pressure changes from 0.3 to 0.5 mbar
and increase in electron density is noted. Moreover, height of
high energy tail of EEPF decreases with the increasing gas
pressure. This decrease in height of high energy tail of EEPF
indicates the decrease in density of high energy electrons;
whose energies are closer to ionization potential (I.P) of O,
(=12 eV). This variation is consistent with the relation for
ionization rate constant with neutral gas density as [1];

kion 1

Lion , 18
VB Nedef (19

where k;,, is the ionization rate constant evaluated by using
normalized EEDF, v is the Bohm velocity, n, is the neutral
gas density and d,¢ is the effective plasma size. The depen-
dency of k;,, on EEDF or T, is greater as compared to the
dependency of vg, thus the ionizing tail of EEPF decreases
with the increase in pressure in accordance with the reduction
in the ionization rate constant due to the higher density of n,
with increasing pressure [43].

The effect of O, mixing on the evolution in EEPF at
fixed RF power of 150 W and 0.4 mbar pressure is shown in
figure 8(c). It is clear from the figure that for pure He dis-
charge EEPF is bi-Maxwellian in nature and higher electron
density is noted because, for the given pressure and RF
power, discharge operates in the v mode; as shown in
figure 4(b). Moreover, broadening in EEPF is noted with
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increase in O, concentration in the mixture. This broadening
effect is attributed to collisional heating of bulk plasma; due
to shifting of discharge from the v to the @ mode; with
increase in O, concentration in the mixture. Since the colli-
sional heating occurs due to momentum transfer mechanism,
which randomizes the direction of electron momentum and
allows the kinetic energy to be gained from RF electric field
within bulk plasma [44], therefore higher electron tempera-
tures are noted at higher O, concentrations (figure 5(b)).
Moreover, it is worth noting that the broadening in EEPF
increases with increase in O, concentration and dip around
~12 eV (L.P of O,) shifts towards higher energy (=14 eV);
when O, concentration varies from 4% to 24% in the mixture.
This indicates the increase in inelastic collisional process such
as vibrational or rotational excitation of O, molecule. Simi-
larly, height of high energy tail of EEPF increases with
increase in O, concentration. This may be the result of super-
elastic collisions which occur due to presence of high density
of electronic metastable states in the discharge. These super-
elastic collisions are known to produce additional peaks as
well as to enhance the ionizing tail of EEPF [44, 46, 47].

Atomic oxygen is an important product among ROS
produced in electrical discharges of oxygen and its mixtures.
Figure 9(a) shows the variation in atomic oxygen density [O]
with RF power and gas pressure with 8% O, in the mixture. It
is noted that [O] tends to increase with RF power and filling
gas pressure. This tendency of [O] can be justifies with the
trend of electron density (n.). As shown earlier in the
figure 4(a) n, increases with RF power and filling gas pressure
which increases the dissociation of O, by electron impact,
resulting in an increasing trend of [O]. The effect of increase
in O, concentration in the mixture is shown in figure 9(b),
where [O] is plotted against RF power at two different O,
concentrations in the mixture. It is evident from the figure that
[O] increases with the increase in O, concentration in the
mixture as O, molecules are needed at the first place for the
generation of ground state oxygen atoms. Moreover, with the
increase in O, concentration, 7, also increases, enabling
higher dissociation rates due to higher electron energies,
which may also result in the increase in [O].

4. Conclusions

In the present work, the behavior of plasma parameters like
electron density (n,), electron temperature (7,), excitation
temperature (7,,.), plasma potential (V) and EEPF is studied
in low pressure capacitively coupled He-O,/Ar mixture
plasma. The electron density (n,) is found to increase with
increasing power and filling gas pressure but it decreases with
increase in O, concentration in the mixture. On the other
hand, the electron temperature (7;) shows a decreasing trend
with increasing power and filling gas pressure, while it
increases with the increasing O, concentration. An abrupt
increase in n, and decrease in 7, is also noted due to mode
transition from the « to the v mode. The threshold RF power
for initiating the v mode tends to shift towards lower values
with increasing pressure but shifts towards higher values with
increasing O, concentration in the mixture. The excitation
temperature (7,,.), measured by the Boltzmann plot method,
also shows the similar decreasing trend with RF power and
filling gas pressure but has lower values than 7, measured by
the LP. The plasma potential (V,) shows increasing trend with
increasing RF power and O, concentration in the mixture, but
a slight decrease in the values with increase in filling gas
pressure is observed. The evolution of EEPF with RF power,
filling gas pressure and different O, concentrations is also
studied. The EEPF evolve from Druyvesteyn-like to bi-
Maxwellian distribution and decrease in high energy tail is
noted with the increase in RF power and filling gas pressure.
The addition of O, in the mixture results in an increase in
broadening of the EEPF profile along with the appearance of
additional peaks and increase in the high energy tail. Atomic
oxygen density [O] exhibits an increasing trend with RF
power, filling gas pressure and O, concentration.
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