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Experimental studies of Hy/Ar plasma in a cylindrical inductive
discharge with an expansion region
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The electrical parameters of Hp/Ar plasma in a cylindrical inductive discharge with an expansion region are investi-
gated by a Langmuir probe, where Ar fractions range from 0% to 100%. The influence of gas composition and pressure on
electron density, the effective electron temperature and the electron energy probability functions (EEPFs) at different spatial
positions are present. In driver region, with the introduction of a small amount of Ar at 0.3 Pa, there is a rapid increase
in electron density accompanied by a decrease in the effective electron temperature. Additionally, the shape of the EEPF
transitions from a three-temperature distribution to a bi-Maxwellian distribution due to an increase in electron—electron col-
lision. However, this phenomenon resulting from the changes in gas composition vanishes at 5 Pa due to the prior depletion
of energetic electrons caused by the increase in pressure during hydrogen discharge. The EEPFs for the total energy in
expansion region is coincident to these in the driver region at 0.3 Pa, as do the patterns of electron density variation between
these two regions for differing Ar fractions. At 5 Pa, as the discharge transitions from H; to Ar, the EEPFs evolved from
a bi-Maxwellian distribution with pronounced low energy electrons to a Maxwellian distribution in expansion region. This
evolve may be attributed to a reduction in molecular vibrational excitation reactions of electrons during transport and the
transition from localized electron dynamics in hydrogen discharge to non-localized electron dynamics in argon discharge.
In order to validate the experimental results, we use the COMSOL simulation software to calculate electrical parameters
under the same conditions. The evolution and spatial distribution of the electrical parameters of the simulation results agree

well with the trend of the experimental results.

Keywords: inductively coupled plasma, transmission and distribution, energy distribution functions

PACS: 52.25.-b, 52.25.Fi, 52.50.-b

1. Introduction

H-containing plasmas have a variety of applications,
such as semiconductor-device fabrication processes, material

[1-14

processing and nuclear-fusion operation. ' In particular,

H»/Ar mixtures are of interest for hydrogenation of transistors
and the production of silicon based photovoltaic cells.['>-23]
The species that play a major role in Ho/Ar mixed plasma in
process treatment are mainly ions, reactive hydrogen atoms,
metastable Ar atoms, and high-energy photons.

There has been a great deal of research on the characteriz-
ing plasma properties in Ho/Ar discharge. Gudmundsson!?#23]
studied the plasma parameters in a low pressure (20 mTorr,
40 mTorr, and 60 mTorr, 1 Torr=1.33322x 102 Pa) planar in-
ductively coupled Hy/Ar discharge using a Langmuir probe
and a mass spectrometer at 13.56 MHz. This work shows
that the electron density increases with increasing fractional
Ar pressure, and the ion energy distributions and uncorrected
flux ratios of most ion types present (H*, H3, Hf, and Ar™)
are also given. Kimura and Kasugail?®! studied the Hp/Ar
mixed discharge by a Langmuir probe and an emission spec-
troscopy, and verified the results with a global model in a pla-
nar inductively coupled discharge. They estimated the effec-
tive ion mass through the ion current collected into the probe,
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and found that HgL can replace Art as the dominant positive
ion at Ar proportions above 80%—85%. Experimental results
are in reasonably good agreement with the global model re-
sults, and the global model results show that the most ion
types present should include ArH*. Hjartarson et al.l?’! in-
vestigated a global model for Hy/Ar discharge, in which the
presence of H™ ions and vibrational hydrogen molecules was
considered. It was found that ArH™ has a crucial effect on
the destruction of the H™ ion. Sode et al.[?8! comprehensive
showed the variation of experimental parameters with different
Hj/Ar mixing ratios in a planar inductively coupled discharge
at 1 Pa using various diagnostic methods. They first obtained
the absolute ion densities through an energy-dispersive mass
spectrometer and the developed calibration program, and one
of the results is that the predominant ion species is the ArH"
ion in mixed Hy/Ar plasmas (the Ar fraction is 12.6%—-72.3%),
accounting for approximately 2/3 of total ion density. Subse-
quently, Sode et al.*°! devised a rate equation model to inves-
tigate the ion composition of Hy/Ar plasmas. They discussed
the production and loss channels of all ions, and pointed out
that the higher density of ArH" is caused by the lower wall
loss compared with hydrogen ions. Fox-Lyon et al.l*"! ob-

tained Ar metastable atom densities using a model combining
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electrical and optical plasma characterization data, and found
that the density of Ar metastable atom increases with increas-
ing fractional Ar pressure. Then, Fox-Lyon er al.l®!l studied
the effects of isotopes on plasma species of the Ar/H,/D; dis-
charge. They found that electrical characteristics of Hy/Ar and
Dy /Ar are similar, D, has more molecular ions due to the larger
collision cross-section with Ar* ions and the slower loss of
D-containing molecular ions at wall, the D,/Ar plasma has a
higher etching rate for hydrocarbons.

Indeed, the EEPF is an important parameter for under-
standing the physical properties of inductively coupled plasma
(ICP), as it directly affects the rate coefficients of electron
impact reaction, such as ionization rate, excitation rate, thus
affecting plasma components. Huh*?! and Yang[*! er al.
developed a global model with an arbitrary EEPF to inves-
tigate a low pressure inductively coupled hydrogen plasma.
They found that the results under assuming the bi-Maxwellian
EEPF achieves a higher H™ ion density at low pressure com-
pared to the Maxwellian EEPF. The presence of high-energy
electrons in bi-Maxwellian EEPF leads to higher electron im-
pact collision reaction rate constants for the vibrational exci-
tation and other reactions. Additionally, the plasma with a bi-
Maxwellian EEPF exhibits a higher electron density, which
promotes H™ precursor production. The EEPF in ICP is in-
fluenced by various factors, including the gas type, RF (radio-
frequency) power, and gas pressure. Additionally, for large
single- or two-chamber configurations, it is also important to
consider the spatial transport phenomena within the plasma.
Gao et al.®¥ experimentally studied plasma parameters in in-
ductively coupled hydrogen discharges with an expansion re-
gion, and they revealed that the EEPF in the driver region is
bi-Maxwellian shape, which is converted to the Maxwellian
shape in the expansion region at low pressure.

Although many efforts have been carried out in Hp/Ar
plasma, the emphasis is mainly focus on the evolution of par-
ticle composition with Hy/Ar mixing ratios at a fixed position
in planar-coil discharge without providing information about
the spatial dependence of the plasma parameter. However, this
information is necessary to understand the complex physics re-
lated to spatial transport in large geometric dimension cham-
ber systems, especially in two-chamber systems. Therefore,
the objectives of this work are to investigate the parameters
at different spatial positions in a cylindrical coil inductively
coupled Hy/Ar discharge with an expansion region.

In Section 2, the
present of experimental device is given, and a fluid model is

The paper is organized as follows.

described in Section 3. In Section 4, the effect of gas ratio and
pressure on plasma parameters at specific positions in two-
chamber Hy/Ar ICP are present, and the corresponding phe-
nomena are discussed. Finally, the conclusions are presented
in Section 5.

2. Experimental setup

The schematic diagram of setup is shown in Fig. 1. The
discharge driver chamber is composed of a quartz cylinder
with 8 turns of water-cooled copper coil wound externally to
generate the plasma, which is 12 cm in diameter and 14 cm in
height. One end of the coil is connected to a 2-MHz RF power
via a I'-type matching networking and the other is grounded.
The forward power is fixed at 2 kW, and monitored by a VI-
probe placed in front of the matching networking. The dis-
charge expansion chamber is a stainless steel cylinder with an
inner diameter of 30 cm and a height of 40 cm. The pumping
system composing of a mechanical pump (500 L/min) and a
turbine molecular pump (1200 L/s) connected to the bottom of
the expansion chamber through vacuum piping, and the back-
ground pressure is of the order of 10~* Pa. The working gas
components are controlled by two mass-flow controllers, and
the total flow rate (equals to the sum of the two flow rates)
is maintained at about 7 sccm. A detailed description of the
device can be found in our previous articles. 347!

A commercial Langmuir probe system is used to measure
plasma /-V curves with a probe tip made of tungsten wire with
0.2 mm in diameter and 8 mm in length. The probe is installed
axially along the reactor through the flange at the bottom of the
expansion chamber. With the top of the driver chamber as the
origin, it can be moved along the axial direction in the range
of 0 cm—30 cm, and we choose the z =6 cm and the z =24 cm
as representative locations for the driver region and the expan-
sion region, as the former is the center of the driver region,
and the latter is near the center of the expansion region within
the measurable range. The EEPF is obtained from the second

derivative of the I-V curves, and the formula is as follows: 38!

(8me)'/2 d21

f(g) - 63/2Ap W?

ey
where € = %me V2 /e, v is electron electronic speed, m is elec-
tron mass, e is the electron charge, A, is the probe area, [ is
the electron current collected by the probe, and V is the voltage
difference between the plasma potential and the probe sweep
voltage. The plasma potential can be obtained from the voltage
value corresponding to the zero-point of the second derivative
in the -V curve obtained from the probe.

The electron density and the effective electron tempera-
ture are calculated using the measured EEPF

_ [T an
ne = /0 12 (e)de, @)

2 [T an
Terf—3ne /0 e’7f(e)de, (3)

where € is the electron kinetic energy.
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Fig. 1. Schematic diagram of the experimental apparatus (a) and simulation domain (b).

3. Model setup

As shown in Fig. 1(b), the simulation area has the
same dimensions as the experimental chamber and a two-
dimensional (2D) axisymmetric fluid model is built using
COMSOL Multiphysics. The model contains a plasma mod-
ule and a magnetic field module. The plasma module in-
cludes the continuity, drift-diffusion, energy conservation, and
Poisson’s equations. The continuity equation and the drift-
diffusion equation are used to solve for the densities and fluxes

of various particles

on
5, TV =R, )
It = —nele Eg — D Vne, (5)
on;
8—; +V.Il =R, (6)
I} = —njui Eg — D;Vn;, @)
8nk
— +V.- Ity =R 8
5 + k = Rx, (®)
I = —mxp Eg — Dy Vi, &)

where ne(I¢), ni(I;), and ng(Iy) are the electron, ion, and
neutral particle densities (fluxes), respectively. Ej is the elec-
trostatic field generated by charge separation. e (De), Ui(Dj),
and p (D) are the mobility (diffusion coefficient) of the vari-
ous particles, respectively. Ry is the source term.

For ions the temperature is set to a constant value of
300 K, so the energy conservation equation is only used to
solve the temperature of the electron

d (3
E <2neTe) +V-Qc+el: - Ey = Pyps — Ren, (10)

where T, is the electron temperature and e is the elementary
charge. Q. is the electron energy flux, P, is the inductive

power deposition density and Re; is the electron energy loss
due to inelastic collisions.

The boundary conditions for electron flux and electron
energy flux in the plasma region are as follows:

1
n~1"e=Z(1—re)nevth, (11)

n-Qe=1T(n I, (12

where n is the elementary surface vector, r. is the reflection
coefficient on the vessel wall, and vy, is the electron thermal
velocity. The boundary conditions for the ion flux and the neu-
tral particle flux are

1 |8kgT:

n-Ii=omy ﬂfni‘mni(n-Eo), (13)
1 [8kgTi

n-Ti = —ny 8’”, (14)
2 Ty

where T; (Ti) and m; (my) are the ion temperature (neutral par-

ticle temperature) and ion mass (neutral particle mass), and kg
is the Boltzmann constant.
The Poisson’s equation is used to solve electrostatic field

Vv = B, (15)
&
Ey= 7VV(), (16)

where py is the charge density, & is the vacuum permittivity,
and Vj is the electric potential. Since the walls of the chamber
are grounded, the boundary conditions for the electric poten-
tial is Vy = 0.

The neutral particles included in this model are H,, H, H¥,
H**, Ar, Ar* and the charged particles included are electron,
H", Hy, H], Ar", and ArH*. Reactions for H, plasma are
listed in Table 1, reactions for Ar plasma are listed in Table 2,
and reactions containing both Ar and H; are listed in Table 3.
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Table 1. Reactions of H, plasma included in this work.

Reaction Rate coefficient (m3-s~!) References
l.e+H; »e+H; a [39]
2.e+H—e+H a [39]
3.e+H, +2e+H+H' a [40]
4.e+H, —2e+HS a [40]
5.e+Hy +e+H+H a [41]
6.e+H, > e+H+H* a, b [42]
7.e+H—2e+H' a [40]
8.e+H — e+ H*(H") a, b [40]
9. e+ H*(H™) - 2e+H" ab [40]
10.e+H] —e+H"+H a [40]
1l.e+Hj —e+H"+H* a,b [42]
12.e+Hy - H+H a [27]
13.e+H] —e+2H+H" a [42]
14.e+H{ — 3H a [27]
15. e+H;y —2e+2H" a [40]
16. Hf +H, - Hf +H 2.11x10715 [43]

2The rate coefficient is obtained by integrating the cross section.
YH* and H** represent the excited states of the hydrogen atom.

Table 2. Reactions of Ar plasma included in this work.

Reaction Rate coefficient (m3-s~!) References
l.e+Ar—e+Ar a [44]
2.e+Ar—e+Ar" a, b [44]
3.e+Ar*f —e+Ar a, b [44]
4. e+ Ar—2e+Ar" a [44]
5. e+ Ar* —2e+Art a, b [44]
6. Ar* + Ar* — e+ Ar+Ar" 6.4x10716 [45]
7. Ar+ Ar* — Ar+Ar 2.3%x102! [45]

4The rate coefficient is obtained by integrating the cross section.
b Ar* represent the excited states of the Ar.

Table 3. Reactions between Ar and H, included in this work.

Reaction Rate coefficient (m3-s~!)  References
1. Hf + Ar— H+ArH" 2.3x1071H [27]
2. Hj + Ar — Hy + ArH* 1x10717 [27]
3.Hy+Ar" — H+ArHT 7.4x10716 [27]
4.e+ArH" — H+Ar 1x10713 [27]
5. Hy+Art — Hj +Ar 2.1x10716 [27]
6. Hy + ArHt — H7 + Ar 1.5x10715 [27]
7.Hy +Ar— Hy + Ar* 2.2x10716 [27]

The magnetic field module is used to solve the power ab-
sorption density. By introducing the magnetic vector potential
and considering the harmonic approximation (A = Aje'®),
Maxwell’s equations yield

(ioo —w?e) Aj+V x (1) 'V x Ay) = T, (17)

where A is the amplitude value, o is the angular frequency,
o is the conductivity, € is the dielectric constant, u is the mag-
netic permeability, i is the imaginary unit, and J.; is the coil
current density.

The power absorption density is

1
Pus = 5 Re (Ef-Jp), (18)

where E1 = iwA; is the inductive electric field and J, =
o - E is the plasma current density.

The inductive electric field have a zero tangential compo-
nent at the boundaries.

4. Results and discussion

4.1. Electrical parameter measurement in the driver re-

gion

The evolutions of electron density n. and effective elec-
tron temperature Te¢ with increasing Ar fraction under differ-
ent pressures at z =6 cm and 2 kW are shown in Fig. 2. It can
be seen that the n. increases markedly with the fa; when the
far lower than 5%—10% at 0.3 Pa, where fa; is the Ar fraction.
As far higher than 10%, the n. gradually increases with the in-
creasing fa,. However, the marked increase in n. with increas-
ing far will disappear when the total pressure rises. At the
pressure measured in the experiment, n. increases by a factor
10-12 as the discharge changes from hydrogen to argon, and
it shows a good agreement with the previous studies.?+26-28]
The measured effective electron temperature has an abrupt de-
crease with increasing fa, until it reaches 10%, and then T
remains flat with the increase of fa, at 0.3 Pa. As the total
pressure increases, the phenomenon of Ty abruptly decreas-
ing disappears, and the ¢ nearly constant or slightly decrease
with the increasing fa;.

b (a) 6 cm 2 kW
1018 —™ 0.3 Pa

—o— 1 Pa
—— 5 Pa

1017

Electron density (m—3)

1016

0 20 40 60 80 100
far=par/(Pac+pu2) (%)

% 10} 5 (b) 6 cm 2 kW —=0.3 Pa 1
o [ —o—1 Pa
29 ——5Pa ]
e

—

g 8r ]
= 7

g 7t ]
=

£ 6f 1
§ L

[} 5F 1
[} L

z

R ]
R

m 3=

0 20 40 60 80 100
far=par/ (Par+pu2) (%)

Fig. 2. (a) Electron density and (b) effective electron temperature versus
Ar fraction at z = 6 cm.

Figure 3(a) shows the measured EEPFs at various fa, at
0.3 Pa and r = 6 cm. It can be seen that the EEPF presents a
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three-temperature structure with a well-expressed low energy
bump and a fall in the high energy electron tail in pure hydro-
gen discharge. A small amount of argon mixing (5%) makes
the low energy electron group increase markedly, while the
high energy tail decreases significantly, and the EEPF evolves
into a bi-Maxwellian-type distribution which are separated by
a kink. As the fa, continues to increase, the kink appears to
move towards the high-energy region as observed by Kimura

and Kasugai. %6

H
9

[ (a) 0.3 Pa2kw (b) 0.3 Pa 2 kKW

— far=0% — far= OZ/O

o 107 —far=5% 7 e
—— far=20% Lo *fAr:mOfyA
—— far=100% —far= 0

1015

EEPF (eV~3/2.m~
=
1S
b

,_.
1S
=
Normalized EEPF (eV~3/2)

1 1 1 1 —4
0 10 20 30 40 50 10 0

Electron energy (eV)

710 20 30 40 50
Electron energy (eV)

Fig. 3. The measured (a) EEPFs and (b) normalized EEPFs as a function of
the electron energy under different Ar fractions at 0.3 Pa and z =6 cm.

The normalized EEPFs are shown in Fig. 3(b) for demon-
strating the ratios of the low energy and high energy electron
groups to the total electron density. The three-temperature
structure of EEPF is typical for the non-local electron kinetics
in low-pressure at RF discharge. At 0.3 Pa, the RF power ab-
sorption by the plasma is dominated by the stochastic heating,
which occurs in the skin layer in the vicinity of the antenna
coil. Due to the trapped of the ambipolar potential inherent
to bounded plasma, low energy electrons cannot arrive in the
skin layer to participate in the heating process, which leads to a
well-expressed low energy bump in EEPE. The inelastic colli-
sion processes participated by high energy electrons contribute
to the fall in the high energy electron tail of EEPF. Thus, the
EEPF presents a three-temperature structure in pure hydrogen
discharge at 0.3 Pa. As a small amount of argon mixing, the
mixed argon atom induces more generation of electrons, by
means of its larger impact cross section and smaller ioniza-
tion threshold energy. Therefore, the high energy electrons
are depleted due to the electron impact ionization, meanwhile,
a great quantity of low energy electrons are generated. Ad-
ditionally, increasing electron density raises the frequency of
e—e collisions, which may responsible for Maxwellization of
the low energy part of EEPF. Consequently, the EEPF shape at
6 cm changes from the three-temperature structure in pure hy-
drogen discharge to the bi-Maxwellian distribution which are
separated by a kink in Hy/Ar discharge. And this process is
accompanied by the rapid change of electron density and elec-
tron temperature as shown in Fig. 2. The kink in EEPF shifts

towards the high-energy region as the fa, continue increases,

which is linked to the change of the lowest excitation threshold

energy, as considered by Kimura and Kasugai.?®/

T T T T 101 T T T T T
(a) 2 kW hydrogen (b) 5 Pa 2 kW
disch, &
~ 1016 eharee {7 — far=0%
7 ——03Pa § > — Fa=5%
NE ——1 Pa ~ 10-2 — far=20%
= 5 Pa & —— far=100%
15 =
3 10 N
el
b S 1o
m = 4
M o101 E
2
4 0
Z
* y v Y 10~
0 10 20 30 40 50 0 5 10 15 20 25 30 35

Electronic energy (eV) Electron energy (eV)

Fig. 4. The measured normalized EEPFs at z = 6 cm (a) under different
pressures in hydrogen plasma and (b) under different Ar fractions at 5 Pa.

In order to better understand the effect of gas ratio on
EEPF at high pressure, figure 4(a) first shows the EEPFs under
different pressures in pure hydrogen discharge at 6 cm. As one
can see, the high energy electron tail decreases rapidly with
the increase of pressure, and the EEPF shape evolves from
the three-temperature structure to Maxwellian distribution as
expected. The electron heating mechanism growing with gas
pressure changes from the stochastic heating dominated to the
Ohmic heating dominated.®®] At this time, the low energy
electron can obtain energy by electron—neutral collisions from
the electric field at the bulk plasma. Meanwhile, the e—e col-
lisions proportional to ne€3/? are increase with increasing gas
pressure, and this collisions ‘Maxwellianized’ the low energy

n.[46] Therefore, the EEPF evolves into Maxwellian dis-

electro
tribution with growth of pressure. When the pressure is 5 Pa,
a small amount of argon mixing has no obvious effect on nor-
malized EEPF as one can see in Fig. 4(b), since the newly
generated electrons ‘Maxwellianized’ by the way mentioned
above. Thus, the effective temperature is nearly constant with

the increasing fa, at 5 Pa.

4.2. Electrical parameter measurement in the expansion

region

In this subsection, we give the variation of electrical pa-
rameters in the expansion region under the same conditions to
observe the difference from the driver region due to the change
of spatial location. The electron density and the effective elec-
tron temperature as a function of fa, under different pressures
at z =24 cm are shown in Fig. 5. It can be seen that the vari-
ation trend of electron density with increasing fa, at 0.3 Pa is
similar to that in the driver region, that is, the electron density
first increases markedly when the fa, lower than 5%—10% and
then linearly increases. However, at 5 Pa, the electron density
increases slowly or nearly constant with the fa, when the fa; is
lower than 60%, and there is a rapidly increase of the electron
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density by about 30 times when the discharge changes from
mixed gas to pure argon. The effective temperature is nearly
constant or slightly increases with the rising fa, at different
pressures, and its variation amplitude does not exceed 1 eV.

1018 F— T T T T 3
E —=— 0.3 Pa
~ :(a) 24 cm 2 kW 1 Pa
“E I ——5 Pa
S 107 :
Z E
= E
=]
9]
o
=]
S 10i6E 3
+ F
5 E
2
[€a]
1015 1 1 1 1 1 1
0 20 40 60 80 100
fAr :pAr/( PAr+PH2) (%)
7.5 T T T T T T
(b) 24 cm 2 kW  —a—0.3 Pa
—o—1 Pa
——5 Pa

O 1 1 1 1 1 1
0 20 40 60 80 100
far=par/(Partpuz) (%)

Electron temperature (eV)

Fig. 5. (a) The electron density and (b) the effective electron tempera-
ture versus Ar fraction at z =24 cm.

Figure 6(a) shows the EEPFs as a function of the electron
kinetic energy at different fa, at 0.3 Pa and z = 24 cm. It is
found that the EEPF appears to be a Maxwellian distribution in
hydrogen discharge, and adding Ar does not change its shape.
Moreover, with the increase of fa,, the low energy electron
and the high energy groups exhibit a considerable increase.
Electron diffusion is the primary factor affecting the electri-
cal parameters in the expansion region, since electrons cannot
obtain energy in this region. The electron energy relaxation
length calculated by COMSOL is approximately 50.8 cm-—
61.9 cm in hydrogen discharge at 0.3 Pa experimental con-
dition, whereas it ranges from 59 cm to 324 cm in argon dis-
charge. Since the measurement range of Langmuir probe is
smaller than the electron energy relaxation, the electron non-
local kinetics is satisfied. Therefore, the electrons heated in
the driver region can be transported to the measurement po-
sition in the expansion region without inelastic collision, and
the EEPF as a function of the total energy (equals to the sum
of the electron kinetic energy and the potential energy) is spa-
tially uniform. As shown in Figs. 6(b)-6(e), the EEPFs as a
function of the total energy are coincident with that at 6 cm
in different Ar ratios except for the cutting of the low energy

electrons as expected, which is typical for the nonlocal kinet-
ics. The cutting energy is the electron potential energy, and
it is the difference between the plasma potential at 24 cm and
the discharge center 6 cm. It is the reason why the variation
of electron density and electron temperature with increasing
far 1s similar to that of the driver region at 0.3 Pa. Since the
electrons with energies above the ambipolar dc potential can
transport to the measurement position in the expansion region,
the EEPFs are cut in low energy range. It should be noted that
the cutting of the low energy electrons in the EEPFs decreases
with the increasing fa,, which means that the ambipolar poten-
tial between the two measuring positions decreases. Due to the
velocity of the electrons is faster, ions need to acquire energy
in a bipolar potential field for acceleration in order to maintain
quasi-neutrality of the plasma. With the addition of argon, the
effective electron temperature decreases in the driver region
as the high energy electrons lose kinetic energy through ion-
ization reactions, meanwhile, the energy required for ions to
accelerate in an ambipolar field to meet the quasi-neutral con-
dition of plasma is reduced.
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Fig. 6. (a) The measured EEPFs as a function of electron energy at z =24 cm.
(b)-(e) EEPFs as a function of total electron energy at z =6 cm and z =24 cm
under different Ar fractions.
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In Fig. 7(a), the normalized EEPFs at different pressures
during pure hydrogen discharge are shown. As pressure in-
creases, the Maxwellian EEPFs at low pressure (0.3 Pa) tran-
sition into bi-Maxwellian-type distribution with pronounced
low energy electrons. This change of EEPFs with pressure
in hydrogen discharge has been studied by Abdel-Fattah!*’]
in a CCP discharge and Kristof et al.'*®! in an ICP discharge.
According to Abdel-Fattah et al., the enhancement of molec-
ular vibrational excitation or dissociation of negative hydro-
gen ions is the reason for the change in EEPF shape with
pressure. Fewer negative hydrogen ions present through the
volume process suggest that the vibrational excitation reaction
of hydrogen molecules in the electron transport process is the
reason for the formation of the bi-Maxwellian distribution of
EEPF. The calculation shows that the electron energy relax-
ation length is about 6.1 cm-28.9 cm under the experimen-
tal condition of 5 Pa in hydrogen discharge, which is smaller
than the measurement range of Langmuir probe. Therefore,
the nonlocal condition is not met, that is, the electrons heated
in the driver region will undergo inelastic collision when they
move towards the expansion region.
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Fig. 7. The measured (a) normalized EEPFs at different pressures in hydro-
gen plasma, (b) EEPFs at different Ar fractions in 5 Pa, at z =24 cm.

In order to demonstrate the variation of EEPF with fa,
at 5 Pa, figure 7(b) shows a relatively large number of mea-
surement results. It can be seen that EEPFs gradually evolve
from a bi-Maxwellian distribution with pronounced lower en-
ergy electrons to a Maxwellian distribution as the increasing
far when the fa; is below 80%, and both the low energy elec-
tron and the high energy groups show a significant increase as
the fa, further increases. The vibrational excitation reaction
of hydrogen molecules in the electron transport process de-
creases as the fu, increases, leading to a reduction in the low
energy electrons produced by the vibrational excitation reac-
tion of high energy electrons, which makes the shape of the
EEPF becomes a Maxwellian. However, when the fa; is lower
than 80%, there are still a significant amount of inelastic colli-
sion. These inelastic collisions prevent the energetic electrons
generated in the driver region overcoming the ambipolar po-
tential well, thus the electron density is slightly increases with
the increasing fa, in Ho/Ar mixed discharge. Due to the disap-
pearance of molecular reactions and the electron’s longer en-
ergy relaxation length (approximately 26.9 cm—581 cm under

the experimental condition in argon discharge), the electrons
can diffuse to further locations in argon discharge. Therefore,
the electron density has a rapidly increase when the discharge
changes from mixed gas to pure argon. As the effective elec-
tron temperature is obtained via integrals of the EEPF, it has
little variation with the increasing fa;.

4.3. Validation of experiment and simulation

In order to better understand the characteristics of plasma
and verify the experimental results, we have provided simu-
lation results and compared them with experimental results.
Figure 8 illustrates the two-dimensional (2D) distributions of
the calculated electron density and effective electron tempera-
ture for different fa, at 0.6 Pa. For all fa,, the electron density
peaks in the driver region center where the ionization rate is
maximum. And, the effective electron temperature maximum
at the side wall, closes the skin layer in the vicinity of the an-
tenna coil.

For a more intuitive comparison between experimental
and simulation results, figure 9 demonstrates the variation of
the electron density and the effective electron temperature with
pressure for different fa, at 6 cm. It is obvious that the electron
density exhibits an initial increase followed by stabilization or
slight growth with the increase of pressure for all fa, at 6 cm
as shown in Fig. 9(a). At the same time, the effective electron
temperature shows an opposite trend with pressure, decreasing
initially and stabilizing thereafter, in Fig. 9(b). Furthermore,
the effective temperature of hydrogen discharge experiences a
larger decrease compared to argon-containing plasma, with an
amplitude of approximately 5 eV, compared to approximately
1.5 eV-2.5 eV in argon-containing plasma. This is because
hydrogen molecules contain more plasma chemistry, which
involves a variety of vibrational excitation reactions, then the
high-energy electrons will be consumed significantly due to
the increase of inelastic collision as the pressure increases.
Therefore, the effective electron temperature of hydrogen dis-
charge decreases obviously with increasing pressure. A small
amount of argon mixing can cause a significant consumption
of high-energy electrons at low pressure as mentioned above,
so the influence of pressure on effective electron temperature
in argon-containing plasma is decreased. Figures 9(c) and 9(d)
show the calculated electron density and the effective electron
temperature with pressure for different fa,. It can be seen that
the variation of calculated electron density and effective elec-
tron temperature with pressure are similar to those in the ex-
periment for all fa,. Specifically, the electron density initially
increases, followed by stabilization or slight growth as pres-
sure increases, regardless far. Moreover, the effective tem-
perature of hydrogen discharge exhibits a more significant de-
crease compared to the argon-containing plasma. It should be
noted, however, that there is a disparity between the absolute
values obtained from the calculations and those obtained from
the experiment. This is due to the presence of power coupling
efficiencies experimentally, whereas the simulation uses the
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full 2-kW power. In addition, the EEPFs are Maxwellian dis-  The use of experimentally measured power coupling efficien-
tribution in the model under any discharge parameter, whichis  cies and EEPFs in the model might optimize the difference in
inaccurate as can be seen from the above experimental results. values.
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The experimentally measured axial profiles of electron
density and effective electron temperature for different f, at
0.6 Pa are present in Figs. 10(a) and 10(b). The electron den-
sity distributions are unimodal for all fa,, which is consistent
with the previous studies. With the increase of fa,, the electron
density in the driver region, which is the main areas where the
ionization reactions occur, becomes more pronounced. The
effective electron temperature exhibits a peak at the 6 cm, and
then decreases towards both sides of the chamber, consistent
with previous findings for all fa,. Additionally, the effective
electron temperature shows a significant decrease in most re-
gions of the chamber when a small amount of argon (5%) is
introduced. Furthermore, when the fa, continues to increase,

the magnitude of the effective electron temperature change is
relatively small, as explained in the previous section. The cal-
culated electron density and the effective electron temperature
by COMSOL software are shown in Figs. 10(c) and 10(d). The
variation of calculated electron density and effective electron
temperature with axial position are similar to that observed in
the experiment with a maximum at the center of driver region
and a decrease towards both sides of the chamber. However,
the calculated effective electron temperature shows a signifi-
cant decrease throughout the entire chamber as fj, increases.
Although this trend seems reasonable, it differs from experi-
mental measurements which may be due to the limited number
of reactions taking into considered in the simulations.
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Fig. 10. The axial profiles of electron density [(a) and (c)] and effective electron temperature [(b) and (d)] obtained by experiment (up) and

simulation (down) at 0.6 Pa and 2 kW for different Ar fractions.

5. Conclusions

In summary, this study investigates the impact of dif-
ferent mixing ratios on the variation of electrical parameters
in a cylindrical inductive Hy/Ar discharge with an expan-
sion region, employing a Langmuir probe for measurement.
The measured electron density in the driver region increases
with the fa, under all experimental conditions, attributed to
the growing generation mechanism of electrons. It obvious
that the addition of a small amount of Ar at low pressure
causes a significant depletion of energetic electrons, and the
EEPF changes from a three-temperature distribution to a bi-
Maxwellian distribution, which is accompanied by a rapid in-
crease of electron density and a decrease of electron temper-
ature. However, the normalized EEPF with a small amount
argon mixing at high pressure coincides with that during the
hydrogen discharge, as the Ohmic heating of electrons and the

e—e collisions play a dominant role in ‘Maxwellianized’ newly
generated electrons.

At low pressure, the electron energy relaxation length ex-
ceeds the measured distance. Consequently, the EEPFs of the
total electron energy at 24 cm are coincident with those at 6 cm
in different fa,, and the variation of electron density with fa; is
similar to the driver region. With increasing of total pressure,
the electron kinetics change from nonlocal to local in hydro-
gen discharge, which means that the electrons undergo inelas-
tic collisions in the transport process. Thus, the EEPF shape
at 24 cm is a bi-Maxwellian distribution with pronounced low
energy electrons due to the numerous vibrational excitation
reactions in the hydrogen discharge. When the argon fraction
increases, the EEPF shape evolves into a Maxwellian distribu-
tion. This phenomenon is related to the decrease of hydrogen

molecular reactions and the longer electron energy relaxation
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length in argon discharge. As the occurrence vibrational exci-
tation reactions and the confinement of the ambipolar potential
well, the electron density is nearly constant with the fa, for
the far lower than 60%. Furthermore, we present the variation
of experimentally measured electron density and the effective
electron temperature with pressure and axial position for dif-
ferent fa;. The obtained results show a strong agreement with
the calculations performed using COMSOL software.
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