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Abstract: Global modeling of inductively coupled plasma (ICP) reactors is a powerful tool to investi-
gate plasma parameters. In this article, the argon ICP global model is revisited to explore the effect of
excited species on collisional energy through the study of different approaches to particle and energy
balance equations. The collisional energy loss is much more sensitive to modifications in the balance
equations than the electron temperature. According to the simulations, the multistep ionization
reduces the collisional energy loss in all investigated reaction sets and the inclusion of heavy species
reactions has negligible influence. The plasma parameters obtained, such as total energy loss and
electron temperature, were compared with experimental results from the literature. The simulated
cases that have more excited species and reactions in the energy balance are in better agreement with
the experimental measurements.
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1. Introduction

Inductively coupled plasma (ICP) is a low-temperature and high-density plasma used
in various fields, such as nanostructure fabrication [1-3], space propulsion systems [4—6],
and energy/environment [1,7-9]. Several inert and reactive gases are used in these applica-
tions, with argon being the main component in the processing and modeling of plasmas [1].

The plasma-assisted applications are determined by several process parameters, in-
cluding applied power, gas pressure, flow rate, among others. The plasma environment
can be characterized by plasma parameters such as electron temperature and density,
heavy species density, gas temperature, energy lost per electron-ion pair created, and other
physical/chemical parameters. To study these parameters and the relationship between
them, many experimental and/or modeling studies have been carried out. Modeling is a
fundamental research tool to complement experimental diagnostics, especially when the
target quantities are difficult to obtain or experimentally inaccessible [10].

The interest in plasma modeling has increased in recent decades. Several numerical
models such as zero-dimensional (global modeling) [11-20], kinetic [21-23], and hybrid
Monte Carlo/fluid [22] models have been used to study plasmas generated with different
gases in ICP reactors. The global model is based on fluid equations, neglecting spatial
derivatives to improve computational efficiency [10,23]. It comprises a system of differential
equations that includes a particle balance equation for each atomic or molecular species
and an energy balance equation [23].

In argon plasmas, many excited species are observed. The lowest four excited states
of the argon atom are the levels 4s[3/2]2, 4s[3/2]1, 45’[1/2]0, and 4s’[1/2]1 in Paschen
notation they correspond to 1ss, 1s4, 1s3, and 1sp, respectively (see Figure 1). The states
1s5 and 1s3 correspond to the metastable species. Due to their long lifetime, in order
of a few seconds, the metastable have a significant contribution in collisional process,
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diffusion, and deexcitation at the walls [24-26]. The states 1s4 and 1s; are the resonance
levels. For them, the main deexcitation process in the plasma is radiative decay. The next
ten energy levels in the argon atom correspond to the 4p configuration. In the plasma
chemistry studies, these fourteen energy levels are grouped in three species according to
their rate constant [24]. The metastable states form one metastable state called Ar™, while
the resonant state that includes the two resonant levels is termed as Ar". The 4p levels are
defined as state ArP [23,24].
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Figure 1. Diagram of energy levels and transitions of an argon atom. The arrows represent some
reactions considered in the model. Blue arrows denote ionization of Ar ground state and excited
species (reactions R2-R5), green arrows the excitations (reactions R6-R8, R12-R14), red arrows
the deexcitations collisions (reactions R9-R11, R15-R17), and the black wavy arrows the radiative
deexcitations (reactions R23-R26).

The ionizations are the main mechanisms for maintaining a gas discharge [23]. The
metastable and excited species contribute to ionization rate through stepwise (or multistep)
and Penning ionization [25-27]. The metastable ionization can obtain a significant fraction
of the total ionization and its contribution increases with plasma density [27,28]. The
multistep ionization affects the chemical kinetics and the energy balance in the plasma
due to the low ionization threshold energy of excited species in comparison to the ground
state [13,14,26,29].

In the argon global models presented in the literature, different species and reactions
sets are considered, thus altering the particle and/or energy balance. In the energy balance,
some models investigated in the literature define differently the collisional energy per
electron-ion pair created by the fact that they use different reaction sets. Some models
include only the metastable species Ar™ in the particle balance and the collisional en-
ergy assumes only the ionization from the ground state (single-step ionization) [30,31].
Other models developed by Lee et al. [13-15] and Magaldi et al. [18], included the Ar™,
Ar", and ArP species, then rewriting the collisional energy to consider the multistep ion-
ization. Hjartarson et al. [32] included heavy species collisions in the particle balance.
Gudmundsson [16] considered distinct species and reactions in the particle and energy
balance equations, including Ar™ in the particle balance, and the other excited species were
considered only in the energy balance. These different ways of defining the collisional
energy were studied in this work to verify which one gives the best agreement with the
experimental results from the literature.

The total energy loss is a sum of the collisional energy loss per electron-ion pair created,
the mean kinetic energy of the electrons lost to the walls, the ion energy dissipated due to
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diffusion to the chamber wall, and the energy gained by the ions when crossing the plasma
sheath region [23]. It is the main parameter in the energy balance and describes how the
energy supplied to the plasma is dissipated, from which the electron temperature is deter-
mined. The total energy loss by electrons can be obtained experimentally and compared
with model results. In the literature, some studies have compared the experimental and
theoretical total energy loss for argon ICP discharge. Lee et al. [33,34], Ku et al. [35], and
Hong et al. [29] reported experimental measurements of total energy loss as a function of
absorbed power and gas pressure, and Kim [36] studied the effect of the electron energy
distribution on it.

A point to be highlighted in the aforementioned studies and others in literature
is the use of different reaction sets, which considerably modifies the collisional energy
and, consequently, the results of the plasma parameters. In this work, five different
cases considering the effect of excited species Ar™, Ar", and ArP were studied for argon
ICP discharge varying the species and the reaction set considered in the model. All
parameters were simulated as a function of absorbed power and gas pressure. The effects
of these variations on the collisional energy, total energy loss, electron density, and electron
temperature were analyzed to propose a better reaction set when a Maxwellian electron
energy distribution function is considered. The total energy loss and electron temperature
were compared with experimental results from the literature.

2. Materials and Methods

For the global model calculations, we assume a cylindrical reactor chamber of radius
R =15cm and length L = 25 cm, such that the reactor volume is V = R?L and the total
internal area is A = 27tR? + 2niRL. Neutral gas is introduced at a fixed flow rate Q = 50 sccm.
The gas temperature is considered constant at Tg = 300 K. The volume-averaged global model
works with a set of differential equations, which includes a particle balance equation for each
species and the energy balance equation for electrons and ions. The model was solved using
the COMSOL Multiphysics software (version 5.4, COMSOL Inc., Stockholm, Sweden) [37].

2.1. Particle Balance Equation

The global model equations are derived from the moments of the Boltzmann equa-
tion [10,23]. The equation of continuity gives the particle balance equation. The balance
equation provides the species density as a function of the time and can be expressed for
heavy species as

dn®
dt

X (X) x) 4 IxA
- kpumpn( ) + ZRproduction,i - ZRIOSSJ = VvV’ (1)
i i

<o

where nX) is the density of specie X, in m 3. In the first term, Q is the gas flow rate, in s~

and the second term is the gas pumping rate, in which kpymp is the pumping constant
X)
R(

production,i
represents the sum of all the reaction rates that contributes to the production of the specie

in s~!. These first two terms are considered only for ground state argon. ¥ ;

Xand }; Rg?s , Tepresents the sum of all the reaction rates that contribute to the loss of the
species X. There is one reaction rate for each reaction considered in the model. Reaction
rates are calculated from the product of the densities of the species participating in the

reaction and the rate constant for that reaction, ky, according to Equation (2):
RX) = knnb. )

The last term in Equation (1) corresponds to the diffusion to the wall, where T,
in m~2s71, is the particle flux that reaches area A. For the ground state argon, diffusion
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is a positive term and for other species, it is a negative term, as excited (ionized) argon is
neutralized in the walls. The density of electrons is obtained through charge neutrality [23]:

Ne = nAr+, (3)

where n; is the electron density, and n, .+ is the argon-ion density.
The diffusion for neutral species was calculated in COMSOL [37] setting the effective

diffusion length A
1 /m\2  Xo)?
A2 (L) + (%)~ @

where X1 ~ 2.405 is the first zero of the zero-order Bessel function [12].

2.2. Plasma Chemistry

The Ar chemistry model considered in this investigation includes six species: ground
state argon (Ar), argon positive ion (Ar*), metastable argon atoms (Ar™), resonant argon
atoms (Ar"), 4p state atoms (ArP), and electrons (e).

Figure 1 shows a diagram of argon states and reactions included in the model. In
Table 1, the threshold energy and rate constants are listed. The collisions between elec-
trons and excited Ar atoms (i.e., reactions R12-R17 in Table 1) are considered as they are
believed to play a significant role in particles transfer processes in argon discharge. In
one case study, collisions between heavy species were considered (reaction R18-R22). The
reactions R23-R26 are related to processes of radiative deexcitations. The rate constants
are obtained from the literature; the complete reaction set is the same used in the work of
Hjartarson et al. [33], one of the models with more reactions for argon (Table 1).

The rate constants of electron impact reactions are plotted in Figure 2 as a function of
electron temperature and listed in Table 1. Figure 2a shows the rate constants of reactions
R1-R8 and Figure 2b of R9-R17 of Table 1.
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Figure 2. Rate constants for elastic, excitations, deexcitations, and super-elastic collision, reactions
1-8 (a) and 9-17 (b) of Table 1.

2.3. Power Balance Equation

The power (or energy) balance equation provides how the electron energy changes
over time. This equation is used to obtain the electron temperature from a balance between
the power absorbed by the electrons, P, and the power dissipated, Pgjss due to the elastic
and inelastic collisions, as well as ions and electrons diffusion to the chamber walls.

SWe) = 5 (2 eneTe> _ B Piow), o
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where W is the electron energy density (in J/m?), e is the elementary charge, Te the
electron temperature (in eV), P,ps and Pjq are the power absorbed and lost by the plasma,
respectively, and V is the volume of the discharge chamber.

Table 1. Reactions and corresponding rate constants of the global model. The superscripts r and
m denote resonance and metastable levels of the 4s excited state, respectively, and the subscript p

denotes the 4p excited state. The electron temperature is given in eV.

n° Reactions & (eV) Rate Constant (ky inm3 s~ 1, A;ins™1) Ref.
R1 Ar+e—Ar+e - Kelas = 2.3 x 10 4T exp <0.06(1n(Te))2 - O.lZ(ln(Te))3> [23]
R2 Ar+e — Art +2e 15.76 Kiz ar = 2.39 x 107419 exp(—17.43/Te) [38]
R3 Ar™ + e — Art +2e 4.427 Kiparm = 2.99 x 107137922 exp(—4.73/Te) [39]
R4 Ar' +e — Art +2e 3.96 kipar = 3.28 x 107 13T exp(—4.51/Te) [39]
R5 ArP + e — Ar* + 2e 2.26 kiparp = 1.23 x 10712T2% exp(—3.71/Te) [40]
R6 Ar+e— Ar™ +e 115 Key arm = 9.90 x 10710T 0% exp(—11.72/Te) [41]
R7 Ar+e— Arf +e 11.6 Kexarr = 4.03 x 107 15T94 exp(—12.12/Te) [42]
RS Ar+e— ArP +e 12.9 Kex arp = 9.26 x 107 15T 0% exp(—14.24/Te) [42]
R9 Ar™ +e — Ar+e ~115 Kgexarm = 2.25 x 10710T %17 exp(—1.65/Te) [41]
R10 Arf+e — Ar+e —11.6 KgexArr = 6.82 x 10710T34 exp(—0.43/Te) [42]
R11 ArP +e — Ar+e —12.9 Kgex arr = 2.97 x 107 16T 0 exp(—1.38/Tc) [42]
R12 A +e— Arf +e 0.1 Kexmr = 3.7 x 10713 [43]
R13 Ar™ +e — ArP +e 1.4 kex;mp = 2.48 x 107 12T %16 exp(—1.79/Te) [41]
R14 Arf +e — ArP +e 1.3 kexrp = 2.48 x 107 12T %16 exp(—1.79/Te) [41]
R15 Arf+e — Ar'™ +e —-0.1 Kdexrm = 9.1 x 10713 [43]
R16 ArP + e — Ar™ + e ~14 Kdex,pm =416 x 107 BT %17 exp(—0.32/Te) [41]
R17 AP +e — Arf +e -1.3 Kdexpr = 416 x 107 3T 17 exp(—0.32/Te) [41]
R18 2Ar™ — 2Ar kig =2.0x 10713 [44]
R19 Ar™ +ArF — Ar +Art +e kig =2.1x1071 [45]
R20 2A1P — Ar + Art +e koo = 5.0 x 10710 [46]
R21 2AT™ — Ar +Art +e ky; = 6.4 x 10716 [43]
R22 Ar + Ar™ — 2Ar kyp =21 x 1072 [45]
R23 Ar" — Ar + hv Ay =1.0x10° [47]
R24 ArP — Ar + hv Apy =32 x107 [12]
R25 ArP — Ar™ + hv Ags = 3.0 x 107 [14]
R26 ArP — Ar* + hv Agg = 3.0 x 107 [14]

The power lost in its most general form is given by

1-)loss = Piw + Pew + Pev,

where Py, = eAeg; 0 up is the power lost by the positive ions to the walls, where nJ is the
ion density in plasma sheath edge, ug is the average Bohm velocity and we have assumed
Maxwellian electron energy distribution, &;,, = % + V; is the average kinetic energy lost

by the ions to the walls, here % is the energy gained by the ion in the pre-sheath region and
Vs = % ln( M; ) is the potential drop in the sheath formed in the walls of the reactor [23];

27tme
Pew = eAcgewnesup is the power lost by electrons in the chamber walls, where eey, = 2T is
the mean kinetic energy per electron lost to the walls, and nes is the electron density at the
sheath edge [23].
In turn, Pey is the power lost due to electron-heavy particle collisions, Pey = eneV ), ki nxec.
The sum is taken over all neutral species x with positive ion counterparts, having a density
ny, ki, is the ionization rate coefficient, and ¢, is the collisional energy lost per electron-ion
pair created. Considering only single-step ionization, the collisional energy is given as [23]:

koo
€X,] + 3me kel Te, (7)

(s)
€’ = EizAar T Eexj
Z ]kiz,Ar M kiZ,Ar

J
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where the superscript (s) denotes single-step ionization, ¢j, o, is the ionization energy of
ground state argon, eexj and kex j are the excitation energy and rate coefficient for the jth
argon excitation, respectively. The indices j may denote the species Ar™, Ar" and ArP
produced by excitation from the ground state, it depends on what species are considered
in the study. ke is the elastic scattering rate coefficient of ground state argon, me is the
electron mass, and M is the argon mass.
The power loss due to electron-particle reactions for single-step ionization can be
written as
Pgl) = eneriz,ArnArEES)~ (8)

Including the multistep ionization, the collisional energy can be written as [13]:

(m) _ 1
€ ' = Tnincky, Y€z iNiNeKizi + X €exiNiNeKexi + X Edex,ininekdex,i
i NiNeKjz i i i i (9)

3
+ % NeNAr kelasTe) ’

where the superscript (m) denotes multistep ionization.

The first sum (inside the parentheses) corresponds to argon and metastable species
ionizations, the second and third sums are the excitation and de-excitation process from
ispecie, i = Ar, Ar™, Ar” and ArP. The deexcitation terms are negative because electrons
gain energy in these reactions, so the threshold energy is negative (Table 1). The elastic
collision term is considered only for ground state argon atom, due to its much higher
density than that of excited states. The collisional energy can be rewritten as a function of
the contribution of each specie,

(m) _ 1
€c " = Y nikizi [nAr (kiZ,Ar €iz,Ar T+ kex,Arm Eex,Ar™ T+ kex,Arr Eox, Ar* T kex,ArP €ex,ArP

+ 3% kelaSTe>

+nArm (kiz,Arm Eiz,Arm + kdex,Arm edeX,Arm + kex,mr Eex,mr

+kex,mp 5ex,mp) (10)
N (kiz,Arr Eiz, Ar T kdex,ArrEdeX,Arr + kex,rp €ex,rp + kdex,rm"Jdex,rm)

NP kiZ,Arp €iz, ArP =+ kcleX,Arp €dex,ArP + kclex,pr £dex,pr

'H(dex,pm EeX,pm>]: €cAr T Ec Arm T € Ar T Ec ArP)

where ec Ar, € arm ;€ arr, and e op are the collisional energy of Ar, Ar™, Ar', and ArP, respectively.
They are the contribution of each neutral species to the total collisional energy. When the multistep
ionization is taken into account, the collisional energy depends on the density of the argon species,
unlike ££S) (Equation (7)).

The power loss due to collisions for multistep ionization is written as

Pe(zgl> = enev(kiz,ArnAr + kiz,Ar"‘ npm + kiz,ArY Ny + 1(iz,ArP nArP)sA(tm)- (11)

Finally, the total energy loss, T, is defined as the sum of collisional energy, sés’ m), €ew, and &;y,

(s, m)

€T = &¢ + Eiw + €ew- (12)

2.4. Investigated Cases

The reaction set and how the energy balance equation is calculated will define the energy
exchanges in a gas discharge. Over time, excited species and reactions were added in argon global
models presented in literature and how energy balance was calculated was modified to include
multistep ionization [13-16,18,30,31,33]. The cases simulated in this work cover these modifications.

The five cases studied are schematized in Table 2. In each of them, the species and reactions
included in particle and energy balance equations were modified. Furthermore, the collisional
energy was calculated in two different ways, considering in the energy balance only the ioniza-
tion from Ar ground state (single-step ionization) and including the ionization of excited species
(multistep ionization).
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Table 2. Description of the five cases simulated in this study. The second and third columns
correspond to the species and reactions rates considered in particle balance, while the fourth and fifth
columns are the species and reactions included in energy balance. The reactions are listed in Table 1.
The last column is the type of collisional energy equation used in each case.

Species Considering in Reaction in Species Considering Reaction in

Case Particle Balance Particle Balance in Energy Balance Energy Balance Collisional Energy
1 Ar, Art, Ar'™, e 1-3,6 and 9 Ar, Art, Ar'™, e 1,2 and 6 Single-step—Equation (7)
2 Ar, Art, Ar'™, e 1-3,6 and 9 Ar, Art, Ar™, Ar®, ArP, e 1-2,6-8 Single-step—Equation (7)
3 Ar, Art, Ar™, e 1-3,6 and 9 Ar, Art, Ar™, e 1-3,6 and 9 Multistep—Equation (10)
4 Ar, Art, Ar™, Arf, ArP, e 1-17,23-26 Ar, Art, Ar™, Ar®, ArP, e 1-17 Multistep—Equation (10)
5 Ar, Art, Ar™, Art, ArP, e 1-26 Ar, Art, Ar™, Ar', ArP, e 1-17 Multistep—Equation (10)

In all cases, the species Ar, Ar™, Ar*, and electrons were considered in particle balance, as well
as the reactions R1-R3, R6, and R9 presented in Table 1 that corresponds to elastic collision, neutral
and metastable ionization, excitation, and de-excitation of Ar™, respectively. The same reaction
set was considered for particle balance in cases 1, 2, and 3, and the difference between them is in
the energy balance, more specifically, in the calculation of the collisional energy. In the first case,
single-step collisional energy, Equation (7), includes only the Ar™ excitation (reaction R6), while in the
second case the Ar™, Ar"” and ArP excitations from the ground state (reactions R6-R8) are included.

For case 3, the collisional energy was calculated from Equation (10) assuming the multistep
ionization and considering only the metastable species Ar™, i.e., in Equation (10) it was assumed

that sém) = €cAr + €carm and in the sum i = Ar, Ar™. In cases 4 and 5, the species Ar" and ArP
were included in the particle balance using Equation (10) in the complete form. Reactions R1 to
R17 corresponds to electron collisions and R23-R26 to the radiative deexcitations. Only for case 5,
reactions R18 to R22 referring to collisions between heavy species were included. In both cases,
multistep collisional energy was considered.

3. Results and Discussion

Collisional energies obtained for all cases as a function of electron temperature for absorbed
powers of 150 W and 300 W, at a gas pressure range of 0.5-100 mTorr, are shown in Figure 3a. When
the absorbed power is changed from 150 W to 300 W, the collisional energy dependence on electron
temperature is similar for all cases, but the magnitude is different for each one. Collisional energy
is unaffected by absorbed power because it also does not affect the electron temperature (Figure 4).
On the other hand, for the same absorbed power, the collisional energy decreases with electron
temperature (Figure 3a) and increases with gas pressure (Figure 3b). This inverse dependence occurs
because the electron temperature decreases with increasing gas pressure (Figure 4). However, even
with collisional energy changing for each case, the electron temperatures calculated are close.

To understand the collisional energy, it is important to seek relations between the other variables

(s)

of the model. Single-step collisional energy used in cases 1 and 2, e¢’, depends on threshold energy
(e4) and rate constants considered in the model. Multistep collisional energy of cases 3, 4, and 5, eém),
also depends on the densities of the neutral species Ar, Ar™, Ar", and ArP (Figure 5). Threshold
energies are fixed for all the electron temperatures and plasma parameters. The rate constants are
functions of electron temperature (Figure 2), which in turn is affected by gas pressure (Figure 4).
Figure 4a,b show the electron temperature as a function of absorbed power and gas pressure
for the five cases studied, respectively. It can be observed from Figure 4a that the dependence of
the electron temperature with the absorbed power is almost the same for all investigated cases for
fixed gas pressure, the values of Te decrease slightly with the increase in the absorbed power. This
behavior is in agreement with experimental observations, where the electron temperature is nearly
independent of the absorbed power [29,33-36,48,49]. On the other hand, experimentally, the electron
density increases linearly with applied power [48-50], which is also corroborated by our simulations
for gas pressure above 10 mTorr (Figure 5a). The increase in plasma density is caused by the increase
in power dissipated in the plasma. In the steady-state, the power absorbed is equal to power lost.
By increasing Py, the electron temperature remains practically constant (Figure 4a), therefore, the
energy dissipated due to the diffusion of electrons and ions to the walls, and by collisions of electrons
with neutral species in plasma volume is constant. Although the plasma density increases with
the absorbed power. Below 10 mTorr a different behavior is observed because for lower densities
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experimental observations evidence a non-Maxwellian energy distribution function for argon ICP

discharges [23].
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Figure 3. The collisional energy of all investigated cases as a function of electron temperature at
absorbed powers of 150 W and 300 W for a gas pressure of 0.5-100 mTorr (a), and as a function of gas
pressure at 300 W (b).
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Figure 4. Electron temperature as a function of absorbed power at 10 mTorr and 20 mTorr (a) and gas
pressure at 300 W (b) for the five cases studied.

Figure 5 shows the electron, Ar*, Ar™, Ar’, and ArP densities for all investigated cases as a
function of gas pressure at absorbed power of 150 W and 300 W. In cases 1-3, the Ar™ species is
produced by ground state excitation (R6) and lost by ionization (R2), de-excitation (R9), and diffusion
to the walls. These electron impact reactions depend on electron density that increases with absorbed
power (Figure 5). The rate constants are insensitive to the variation of the absorbed power due to
the weak dependence of the electron temperature on it (Figure 4). At the same pressure, when the
absorbed power is increased from 150 W to 300 W, the reaction rates that produce and reduce Ar™
equally increase due to the increase in electron density thus, the Ar™ population is constant with
absorbed power (Figure 5b). In cases 4 and 5, the inclusion of Ar" and ArP in particle balance reduces
the Ar™ density, which in turn depends on the absorbed power (Figure 5b). In these two cases, Ar™
also can be lost by excitation to Ar" (R12) and ArP (R13) and produced by deexcitation of them (R15
and R16). On increasing absorbed power, the plasma density increases (Figure 5a), and excitation
rates are high, as the electron temperature does not vary enough (Figure 4) to reduce significantly the
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rate constants of these reactions (Figure 2). Thus, the densities of Ar" and ArP are guided mainly by
electron density (Figure 5¢,d). Comparing the species densities of cases 4 and 5 (Figure 5), we see that
the heavy species reactions did not change significantly to any particle density.
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Figure 5. The electron and Ar* (a), Ar™ (b), Ar" (c), and ArP (d) species density for all cases as a
function of pressure at absorbed power of 300 W. The density of ions and electrons are the same due
to the quasi-neutrality. Ar" and ArP are not considered in the particle balance in cases 1-3.

Experimental results from the literature show that the electron density initially increases
abruptly with increasing gas pressure up to 10 mTorr and tends to be monotonic for pressures
higher than 10 mTorr [22,31,36,48,49]. For the pressure range simulated, the electron density is found
to be in the range of 1016 — 108 m—3 (Figure 5a). All electron densities simulation results are within
the range observed in the experiments. The electron temperature is inversely pressure-dependent,
decreasing rapidly to 20 mTorr and then varying more smoothly (Figure 4b). This behavior and
electron temperature values are in line with experimental measurements [28,29,48,49]. The higher
pressure induces more collisions between electrons and heavy particles causing more ionizations,
excitations, and elastic collisions [24], consequently, more energy is spent by electrons, decreasing the
electron temperature and increasing the collisional energy (see Figures 3 and 4).

Figure 3a shows that the collisional energy abruptly decreases with electron temperature by up
to 2.0 eV and then decreases smoothly. Also, it was observed in Figure 3b that it increases with gas
pressure for all investigated cases. For cases 1 and 2, in which single-step ionization is considered
(Equation (7)), the collisional energy is inverse to the variation of ionization rate constant (Figure 2).

The excitation and ionization rate constants increase with temperature, then decrease with pressure

kex,j kel . . . .
Ko ar K, in Equation (7) decreases since key;j

and k,j,s have a slower increase compared to kiz ;- Consequently, the collisional energy increases
with electron temperature (Figure 3a) and decreases with pressure (Figure 3b).

For case 1, the electrons spend energy to ionize and excite the ground state argon producing Ar*
and Ar™, respectively, and in elastic collisions (Table 2). In case 2, electrons also can excite ground

and

(Figure 2a). As far as the kj, o, raises, the ratios
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state argon atoms to Ar" and ArP (Table 2). Thus, more energy is lost between two consecutive
ionizations, and the collisional energy increases for the same electron temperature as can be seen in
Figure 3 for typical values of ICP temperature between 2.0 eV and 3.0 eV [34,48].

For cases 1 and 2, collisional energy increases with pressure (Figure 3b) and remains constant
with absorbed power variation (Figure 3a). The pressure increase reduces the electron temperature
(Figure 4) and consequently, collisional energy. But both cases have the same electron temperature at
the same pressure (Figure 4b) and the collisional energies are much different, and this gap increases
with pressure (Figure 3b). The higher electron density observed for case 1 compared to case 2
(Figure 5a) is a consequence of this difference in collisional energy.

Cases 3, 4, and 5 have a similar dependence on electron temperature and gas pressure (Figure 3)
as observed for cases 1 and 2. In ££m), the quotient includes the density of neutral species (Ar and Ar™
for case 3 and Ar, Ar™, Ar" and ArP for cases 4 and 5) and their respective ionization rate constants,
and the densities also multiply the terms in dividend (Equation (10)). Figure 6 shows the collisional
energy for each species Ar, Ar™, Ar', and ArP, and the multistep collisional energy egm) for cases 3
and 4 defined in Equation (10). e A, is the major contribution for collisional energy and defines
the shape of ng). Increasing the electron temperature by decreasing the gas pressure the species
densities reduce (Figure 5) and ionization rate constants increase (Figure 2), thus the collisional energy

decreases (Figure 3).
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Figure 6. Collisional energy of each species that contributes to ionization: Ar and Ar™ for case 3 (a)
and Ar, Ar™, Ar” and ArP for case 4 (b) as a function of electron temperature for absorbed power of

300 W. In both graphs sgm) is the multistep collisional energy.

In Figure 3, comparing cases 1 and 3 that consider only Ar™ as excited species in particle balance,
the use of the multistep ionization in energy balance (including in case 3) reduces the collisional

energy for a given electron temperature. In case 3, e A, is the principal contribution in aﬁm) (Figure 6a).
Both cases 1 and 3 use the same reactions in particle balance, the difference between them is that
the multistep collisional energy depends on Ar and Ar™ densities and the ionization of Ar™ (R3) is
included in the energy balance of case 3. The metastable argon has lower ionization energy than the
neutral one, thus the energy cost to maintain the plasma reduces (Figure 5a). This also explains the
difference in collisional energy between cases 2 and 4-5 (Figure 3). When the stepwise ionization
of Ar" and ArP are taken into account (cases 4 and 5), the energy loss by electron per electron-ion
pair created decreases. No significant difference is observed in collisional energy for cases 4 and 5
(Figure 3), showing that the heavy species reactions have no relevant effect on this parameter.

To complement the sgm) analysis, Figure 6 presents the collisional energy of each species that
contributes to ionization for cases 3 and 4. The collisional energies of excited species are reduced
due to reactions that transfer energy to electrons (Figure 6b). All reactions between Ar atoms and
electrons cause electrons to lose energy and this loss increases with pressure. For Ar™, Ar", and ArP
deexcitations result in energy gain by electrons (negative term in Equation (10)) that reduces the
collisional energy. For Ar™, Ar", and ArP the contribution to the collisional energy decreases with Te
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approaching 0 eV for high values of Te (Figure 6). For Ar™, electron energy loss in ionization and
excitations is greater than the electron energy gain in deexcitations and ¢ 5, is positive in this range
of Te (Figure 6a,b). For Ar" and ArP, their contribution becomes negative with increasing electron
temperature but remains close to 0 eV (Figure 6b).

Figure 7a shows the total energy loss as a function of electron temperature, while Figure 7b the
electron temperature as a function of the gas pressure. The data points correspond to the experimental
data of Hong et al. [29] who obtained et at the plasma-sheath edge. The total energy loss is the
sum of collisional energy and the energy loss due to the diffusion process of electrons and ions
(Equation (12)). &jy and eew are functions of Te only [29]. Initially, the collisional energy is greater
than ¢;,y and eew, so et decreases such as the collisional energy. As the electron temperature increases,
the collisional energy continues to decrease, but the total energy becomes constant and then starts to
grow. This fact is caused by the growth of ¢;,, and eew.
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Figure 7. The total energy loss as a function of electron temperature (a) and electron temperature as a
function of gas pressure (b) for the 5 cases studied. The model results are the same for all absorbed
power values in the simulated range (50 W a 600 W). The data points are relative to experimental
data at different absorbed power of Hong et al. [29]. The simulations (lines) were performed with the
input parameters: R =13 cm, L =12 cm, Tg =300 K and Q = 50 sccm.

In Figure 7a, for cases 1, 2, 4, and 5, et initially decreases and then increases with electron
temperature. This behavior is in agreement with the experimental data. The simulated value for case 1
is less than the experimental results and, for cases 2, 4, and 5, e are greater than the experimental
data. For case 3, eT only increases with T, and is smaller than the experimental results, so this case
is the least appropriate for studying argon discharge. Ku et al. [35] reported measurements of total
energy loss as a function of electron temperature. They observed that in the temperature range of
1.0 eV to 3.0 eV, eT decreases and is greater than 100 eV. Cases 2, 4, and 5 (Figure 7) better agree with
these results.

Relative to Figure 7b, the electron temperature for all simulations is higher than the experimental
measurements, but the maximum difference is around 0.5 eV. Experimentally, the electron temperature
does not vary between 100 W and 300 W [29], this fact is supported by the results of our model.

Figure 8a shows the experimental data of Lee et al. for 10 mTorr and the global model results
for et as a function of absorbed power for cases 2 and 4. For cases 1 and 3, et are less than 40 eV and
for case 5 it is equal to case 4. Cases 1 and 3 generated results that are very far from the experimental
data, so they are not the best options for plasma modeling by Lee et al. [33,34]. Compared with
experimental data “2” in Figure 8a, simulated et is smaller, but this difference is reduced with the
absorbed power. Above 150 W, cases 2, 4, and 5 had a good agreement with experimental data 2. In
relation to experimental data 3, the discrepancy was greater for power values lower than 200 W.

In addition, Figure 8b presents the experimental /simulated data of Kim et al. for 25 mTorr
and the global model results for e7 as a function of absorbed power for cases 2 and 4. A constant
behavior of e1 with the absorbed power was observed experimentally /numerically by Kim et al. [36]
and in our simulations. The experimental values were superior to the total energy loss obtained
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in cases 2 and 4. Kim et al. also studied the effect of the electron distribution function on the total
collision loss. Their results calculated for a Maxwell-Boltzmann distribution were also inferior to the
experimental measurements and are close to the results of cases 2 and 4.
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Figure 8. The total energy loss as a function of absorbed power at 10 mTorr for cases 2 and 4. In
(a), the squares are experimental data of Lee et al. [33,34]. The simulations (lines) were performed
with the input parameters: R =19 cm, L = 30 cm, Tg = 300 K and Q = 50 sccm at 10 mTorr. In (b), the
circles are experimental data and calculated results of Kim et al. [36]. Here, the simulations (lines)
were performed with the input parameters: R = 13 cm, L = 10 cm, Tg = 300 K and Q = 15 sccm at
25 mTorr.

There are few experimental works in the literature on total energy loss and there are some dis-
agreements between their results. As can be seen in Figure 8, Lee et al. and Kim et al. experimentally
measured the total energy losses as a function of absorbed power [33,34,36], and the trends observed
were distinct. The results of Lee et al. showed that collisional energy decreases with increasing
absorbed power, but for the case of Kim et al. ¢ remained constant for the investigated absorbed
power values.

4. Conclusions

The effect of the reaction set on the energy balance of the global model for argon ICP discharge
was studied. Five cases were simulated and in each one different argon species and number of
reactions were considered. In addition, the contribution of multistep ionization was analyzed in
comparison with single-step ionization. This was done by modifying the expression for collisional
energy loss per pair electron-ion created. Simulations were made varying gas pressure (0.5-100 mTorr)
and absorbed power (150 W and 300 W).

In the energy balance of gas discharge of a global model, the collisional energy loss is much
more sensitive to modifications than the electron temperature. The electron temperature is practically
equal for all investigated cases. In turn, the collisional energy had the same dependence on pressure,
absorbed power, and electron temperature for the five cases, but the magnitude was different.

According to the simulation results, the inclusion of excited species Ar" and ArP in the energy
balance increases the collisional energy loss by the electrons. This is because more energy is expended
by electrons to produce these species by excitation. This was observed by comparing cases 1 and 2
and cases 3 and 4/5.

The consideration of excited species ionization (multistep ionization) reduced the collisional
energy loss. Excited species have lower ionization energy than ground state argon, and therefore
electrons use less energy to produce an ion. This fact could be observed comparing cases 1 and 3,
and cases 2 and 4/5. Case 5 differed from case 4 in that it included heavy species collisions. The
contribution of these collisions was negligible.

The total energy loss and electron temperature were compared with experimental results from
the literature. The electron temperature was the same for all investigated cases and shows good
agreement with the experimental results. The total energy loss of cases 1, 2, 4, and 5 were shown
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to have a similar dependence on electron temperature. On the other hand, case 3 did not show
good agreement.

Finally, we can infer from the analysis performed that cases 2, 4, and 5, which present more
species and reactions in the energy balance, were the best option to model argon ICP discharges.
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