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Thin films are used in various industrial fields, namely in the manufacture of solar cells, flat screens
and in improving the physical properties of material surfaces. In thin film deposition processes, the degree
of equilibrium and other plasma characteristics such as the nature, density and temperature must be iden-
tified in order to understand the occurrence of various phenomena. In this work, the main focus is on stud-
ying the spatial distributions of densities of excited states of Ar* (3p54s (1sx: x = 2-5)), as well as the rela-
tive contributions of processes such as the electron impact effect, the radiative de-excitation, the diffusion
phenomena of metastable states and the Penning ionization in the population and depopulation of different
argon atoms states. For this purpose, a Collisional-Radiative Model (CRM) including 41 states was applied
using specified parameters in RF magnetron sputtering plasma. These parameters include electron tem-
perature, electron and ion densities of argon. The rate equations of the state densities led to a matrix sys-
tem that was solved numerically by iterative Gauss-Seidel Method. The results show that the axial distri-
butions of different excited states and those on the cathode side are slightly larger than those found on the
anode side, and they show also that both densities are less than at the reactor center. For metastable
states 3pb4s (1s5, 1s3), the Penning ionization is important, but it is not important for resonant states
3p54s (1s4, 1s2). Different densities of the excited states are not symmetrical with respect to the center of

the reactor due to the existence of a magnetic field at the cathode.
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phenomena.
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1. INTRODUCTION

In many laboratories, magnetron sputtering sys-
tems are the most used process for thin film deposition
in advanced industry applications like microelectronics,
semiconductors and nanofabrication. These systems
usually consist of a cathode through which electromag-
netic power is supplied to the reactor that is filled with
an inert gas like argon [1]. RF magnetron sputtering
plasma has been the subject of many studies by analyt-
ical theories and numerical models using experimental
techniques [1-5]. Plasma in these devices is typically
not in a state of Local Thermodynamic Equilibrium
(LTE) [6].

Collisional-Radiative Models (CRMs) are used to
investigate and simulate the collisional and radiative
processes in plasma in non-LTE condition as reported
in many research papers. X.M. Zhu et al. [7] proposed a
simple CRM of low pressure argon discharges.
A. Bultel et al. [8] studied the influence of Arz* in an
argon CRM. In the work of Zhu-Wen Cheng et al. [9],
electron impact excitation rate coefficient from argon
3p®4s states to 3p®5p states was measured. However,
this model is very simplified, since it lumps argon neu-
tral excited states into only 4 effective energy states
[10]. Another CRM, by Yanguas-Gil et al., takes into
account not only electron impact collisions, but also
inelastic collisions induced by argon atoms [10]. There
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have been several previous attempts to develop a CRM
for argon plasma in order to study the excited state of
argon under conditions of RF magnetron sputtering.
A. Palmero et al. [1] developed a simple CRM for mag-
netron sputtering argon plasma, which included 12
effective energy states, and studied the behavior of the
excited states.

This study is interested in investigating the spatial
densities of excited states, as well as the relative con-
tributions of the population and depopulation processes
of different states of argon atoms in order to under-
stand the kinetics of plasma in RF magnetron sputter-
ing discharges.

2. THEORETICAL FOUNDATIONS AND
NUMERICAL MODEL

2.1 Fundamentals of CRM

In a CRM, state (or level) is used to denote a partic-
ular member of the population vector N [11]. The bal-
ance equation of state i is given by

dN,
dt = prod,iiRloss,i‘ (1)

The diffusion of states to the walls was treated as

the first order process with a rate coefficient vP .

© 2021 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.13(5).05007
mailto:mohazzaoui@

M. Azzaoul, F. KHELFAOUI, Z. BALLAH

Equation (1) can be written as:

ON; +0P’N, =R
ot

- Rloss,i > (2)

i ‘prod,i

where N; is the population density of state i, Rprod,i and
Rioss,i are the rate of production of particles in state i
and their loss (consumption), respectively.

In this paper, the elementary processes taken into

account are the following:

1. Radiative de-excitation (rad-deex);

2. Radiative recombination (rad-recomb);

3. Electron impact excitation and de-excitation
(Excit,e and De-excit,e);

4. Electron impact ionization (ionz,e) and three-
body recombination: the third body is an elec-
tron (three-body recombination is neglected);

5. Penning ionization of sputtered atoms (PI);

6. Diffusion and subsequent de-excitation at the
walls (D).

2.2 Numerical Model

Taking into account different elementary processes
mentioned above, the rate equations in steady state

(0N, /0t =0) can be written as:

- R,

loss,i *

UL«DNL« =R

‘prod,i

Rprod,i = nerXiij +2 Aiij +n,R ., N", 3

e Yrad,i

R

loss,i

=nY,; X;N;+¥,; ;ATN,+n,SN, +
+(kp Ny, + UiD)Ni(Sim
The resulting system is a combination of (Nt — 1)
equations, which can be written in a matrix form:
C.N =B, 4

C is a square matrix of dimensions (Nt — 1)X(Nt — 1), N
and B are the vectors of (INt — 1) components,

ff
Coy nX,3+A5
neX3,2 C3,3

ff
n,Xo i + A;,Nt

C= n, X5\ + A;,f{\lt (5)

n, Xy s n, X3 Chene

There are (Nt — 1) unknown quantities (Nt — 1 den-
sities of sates) in Eq. (4). It becomes a linear system of
equations which could be easily solved using the nu-
merical Gauss-Seidel iterative algorithm. Cj are coeffi-
cients which combine the rates of some processes. For
i=2,3,.., Nt, the coefficients C;; take the following
expression:

Ci=-1, (21X, ;+8,) - X8 A —(kpy Ny, +0P)6,,, . (6)

where 6im is the Kronecker function symbol and m =2
or 4, N* is the density of argon ions, Xj; is the rate coef-
ficient for electron impact excitation/de-excitation from
state i to state j, S; is the rate coefficient for electron
impact ionization, kpris the rate coefficient for Penning
ionization, Rrq,i is the rate coefficient of radiative re-
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combination.
The effective transition probability Aiff]f is given by

AT =N A ™

where A;;j is the radiative transition probability from
state i to state j, A;;j is the optical escape factor for the
transition, which takes into account that an emitted
photon can be reabsorbed by plasma via self-absorption
[12].

The vector B is determined as

B == ’ (8)
By,
where Bi is defined in the following form:

Bi = _;(Lelerotd,il\rr - neXi,lNl : €)

An argon CRM predicts the population densities of
particles in different states with the need of some pa-
rameters such as electron temperature, electron and
ion densities and density of argon atoms in the plasma
(pressure and temperature of the neutral gas). The
average values of electron and ion densities, as well as
the electron temperature calculated by Ballah et al.
[18, 14], were used to apply the CRM in RF magnetron
sputtering. Fig. 1 shows the RF magnetron discharge
geometry [13].

Substrate Anode

H B
D ———
Target > Cathod

Fig. 1 - Scheme of the magnetron discharge geometry [13]

Let H be the distance between electrodes and let R
be the radius of each electrode; we also assume that R
is much greater than H. The anode is located at
z~ 0 cm and the cathode is located at z ~ H =3 cm. The
sputtering reactor is alimented by RF voltage with a
frequency frr=13.56 MHz, the voltage difference is
100V and the magnetic field B at the cathode is
30 Gauss. The parameters of the RF magnetron sput-
tering plasma are a function of the position (z) and time
(t). The averages of electron and ion densities, electron
temperature and electric field are calculated over a
period T =27/ fpr (Fig. 2).

The initial density of neutral Ar atoms N1 can be
evaluated approximately through the ideal gas law
N, ~ Ny =p,/kgT, . For boundary conditions, z=0
and z = H, the change in the densities near the surface
is considered slow, therefore dN;/dz=0_ The general

scheme used in the CRM for calculating the state den-
sities is as follows:
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Fig. 2 — Average densities of argon ions and electrons and
average electron temperature in 13.56 MHz RF discharge

— Step 1: Reading the electron and ion densities, as
well as the electron temperature, and then calculating
the reaction rate coefficients required for the model;

— Step 2: Initialization of the densities of all states N;
and all space steps along the z axis of the cylinder;

— Step 3: Running of the calculation for each z value of
the system of equations (4) by iterative Gauss-Seidel
method.

— Step 4: Testing the convergence of the solution for all
states i and all steps of position z.

— Step 5: End of calculation if the solution of density
converges; otherwise, return to step 3 and repeat.

3. ATOMIC DATA AND PLASMA PARAMETERS
3.1 Atomic State System

The atomic state system used in our numerical
model is formed of 41 argon atom states, including the
ground state (GS: 3p%(*So), argon ions in the ground
state (3p?), electrons (¢) and the sputtered atom in the
ground state (Zn, for example). Indeed, the states are
divided into two subsystems with two different ioniza-
tion limits: the first core configuration (jc = 3/2), also
called the “nonprimed” subsystem, has an ionization
limit Eionz = 15.760 €V, and the second one (jc= 1/2),
called the “primed” subsystem, FEion:=15.937¢eV [8].
The argon energy states, radiative transition probabili-
ties, state degeneracy used in our calculation are ob-
tained from the NIST database [15] and from [16].
Paschen’s notation is adopted as state notation here. In
Paschen’s notation, the first four levels excited are la-
beled as 1s5 to 1s2, where 1ss5: 3p®4s (°P2) and 1s3: 3p®4s
(®*Po) for the two metastable levels and 1s4: 3p®4s (°P1)
and 1sg2: 3p54s (1P1) for the two resonance levels. Like-
wise, the ten levels of the 3p®4p configuration are la-
beled as 2p10 to 2p:1.

3.2 Rate Coefficients of Processes

The main Ar atomic transitions considered in this
study are:

3d,5s,4s—=3p"
4p,bp——=4s
bse—=4p
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4p,bp——3d

Ar——Ar"

These electronic transitions are related to a set of
processes R that is characterized by the rate coeffi-
cients, which are mostly related to the electron tem-
perature. The rate coefficient is related to the cross
section by:

Xp= ] 2By (B)f(E)dE, (10)
o\ m

e

where R denotes the considered processes, op is the
cross section of the processes R, Xr is the rate coeffi-
cient of the processes R, E is the energy of incident
electrons, f(E) is the Electron Energy Distribution
Function (EEDF) which is assumed in this study as
Maxwellian. The rate coefficients Xz can be calculated
with a numerical program for each process. These tran-
sitions are classified, according to the selection rules,
into two categories: allowed transitions and forbidden
transitions (parity forbidden, spin forbidden). Transi-
tions between subsystem oJc=3/2 — J.=1/2 are also
forbidden in the case of collisional transitions.

The cross sections for electron impact excitation be-
tween the states are taken as:
O pucire (0, E) = 02, j,E)+ & (i, j,E) + o7 (i, j,E) , (11)
where i and j denote the lower and upper states, re-
spectively, E is the incident electron energy,

+ o4 symbolizes the cross sections for optically allowed
transitions (AI=+1,AJ=0,+ 1, but not J=0 — J=0).
The cross sections of these allowed transitions are of the
form o~ a(E/E;)In(bE | E;;) , where Ejj is the energy

difference between level j and level i (Eji = E; — E)),

« o symbolizes the cross sections for parity forbidden

transitions (Al #+ 1), o>F symbolizes the cross sections
for spin forbidden transitions (Al=+1; As+#0;
AJ #0 + 1, including J =0 — J = 0). The cross sections
of these two types of forbidden transitions have the
form o ~a(E—Eﬁ)b/E, where E — Ej; is the energy of

an electron after collision. It is assumed that the for-
bidden transitions are only considered between the
ground state and the first four excited states.

The cross sections for electron impact de-excitation
are obtained from the corresponding cross sections for
electron impact excitation based on the principle of
detailed balance:

O-de—excit,e(i’j7Ev) = &E, Uexcit,e(i’j7E) ’ (12)
g E
where E'=E — Eji, gi and gj are the state degeneracies
of the lower and upper states, respectively.

With a numerical program, collisional cross sections
are calculated for each energy state as a function of
electron energy using parameters and formulas found
in literature [17].

The cross sections for electron impact ionization can
be written in the form [8]:
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A2
O-ionz,e = 47m§ (EIH/EL'onz(l)) ai

L | a3

(U@) " =x(UG)-1)In(1.258U())
where U(i) = E/Eion-(i), ai and f; are the parameters
depending on states.

Using the principle of detailed balance, the cross
section of radiative recombination was estimated from
the corresponding cross section of photoionization tak-
en under equilibrium conditions as presented in the
work of Boffard [16].

For sputtered Zn atoms, the rate coefficient of Pen-
ning ionization is kpr=1.7x10-7 cm?/s.

An additional process is transport diffusion and
subsequent de-excitation on the walls. The probability
of quenching per unit time of this process is taken into
account in the following way [18]:

P =D,/ A%, (14)

This term (Eq. (14)) is only important for the meta-
stable states. For other states, it can be neglected with
respect to collisional and radiative processes. Diffusion
coefficients of Ar metastable states under standard
conditions (7o = 300 K) are as follows:

Dniss =1.8x1018ecm -1s—1,
Dnisz=1.9x1018cm-1s-1,

where Dn; is the diffusion coefficient multiplied by gas
density, and index denotes the atom state. Taking into
account the dependence of Dn; on temperature, the
diffusion coefficient D; can be expressed as [18]:

D - Dn, |T,

1
n, \ T

; (15)

In our case, the radius of the electrode is much
greater than the distance between electrodes, so
A=H/7z where A is the diffusion length for this ge-
ometry.

3.3 Characteristic Time of Some Processes

The following formulas show the characteristic time
of some processes included in our model.

— The characteristic time depends on electron im-
pact excitation and de-excitation from state i to all oth-
er states:

z_icol,(? =1/ [ne Z XUJ .

J=L3#))

— The characteristic time depends on radiative de-
excitation of state i towards all the lower states:

eff
af)

— The characteristic time depends on electron im-
pact ionization of state i:

z_iRad—deex -1 /( Z

transitions

rii‘mz‘“ =1/ (neSi) .
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— The characteristic time depends on collisional ion-
ization by sputtered atoms M (Penning ionization) of
state i:

o' =1/ (kp Ny, -

— The characteristic time of metastable diffusion is:

P ~1/(D,/ A*).

4. RESULTS AND DISCUSSION

Determination of the plasma parameters is an im-
portant subject, mainly in its design and analysis.

4.1 Cross Section of Excitation and
De-excitation Processes

Fig. 3a, Fig. 3b and Fig. 3c show the typical curves
of the cross section (o) for electron impact collisions.
Fig. 3a presents ionization cross sections from the
ground state and from 1ss state. Fig. 3b and Fig. 3c
present the excitation cross sections between (GS — 1sx:
x=2-5), (GS —2p10) and (GS —2p4) and some exam-
ples of cross sections for electron impact excitation used
in our mode. The transitions between the ground state
and resonant states 3p®4s (1s4, 1s2) are allowed, those
between ground states and metastable states 3p®4s
(1s5, 1s3) are spin forbidden and those between ground
states and states 3p®4p (2p10, 2p4) are parity forbidden
transitions.

As it can be seen, the cross section shows a rapid
increase at low electron incident energy (about 15 eV
for metastable states and about 30 eV for resonant
states) followed by a decrease at higher energy. Be-
cause of their spin-changing nature, cross sections for
direct excitation from the ground state to 3p>4s (1s3) or
3p°4s (1s5) states show a peak at an energy above the
threshold (energy difference Ej) and a rapid decrease
with increasing incident electron energy. Cross sections
for electron impact excitation from the ground state to
resonant states 3p54s (1ss, 1s2) are greater than those
found in excitation to metastable states 3p54s (1ss5, 1s3).
In addition, cross sections for electron impact excitation

BTN
E
<
= 14
L)
=
5
e
3
@ —&— [onization from Ground State
ol R
§ —=&— [onization from 3p”4s (1s;) state
© 0,14
T T T 1

T T T T
0 10 20 30 40 50 60 70 80

Incedent electron energy (eV)

Fig. 3a — Ionization cross section from the ground state and
3p54s (1ss) state
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Fig. 4 — Density of neutral argon in 1s. state as a function of
sputtered Zn

from the ground state to states 3p®4p (2p10 and 2p4) are
greater than those found in excitation to metastable
states 3pS4s (1ss, 1s3). It is also clear that the highest
cross section for electron impact excitation occurs upon
excitation from the ground state to resonant states
3p°4s (1s4, 1s2).

J. NANO- ELECTRON. PHYS. 13, 05007 (2021)

As seen in Fig. 3c, the collisional de-excitation cross
section shows a decrease with respect to incident elec-
tron energy lower than the peak energy in contrary to
the excitation cross section. At higher incident energy,
both cases (excitation and de-excitation cross sections)
show a similar trend of decrease.

4.2 Penning Ionization Processes

Currently, the focus is on collisions between argon
atoms in metastable states 3p®4s (1s5, 1s3) and sput-

tered Zn atoms (Ar (°P,,)+Zn — Ar+Zn* +e"). Varia-

tions of population of excited states 3p®4s are calculat-
ed, taking into account Penning ionization, as a func-
tion of the density of Zn in the plasma. We notice that
the densities of excited states 3p54s decrease when the
density of sputtered Zn atoms increases (Fig. 4). This
behavior is logical, because the energy stored in atoms
in 3p®4s states (> 11 eV) is greater than the ionization
potential of Zn atoms (9.4 eV).

4.3 Characteristic Time and Choice of
Dominant Processes

In most argon plasmas, 3p®4s states are very inter-
esting, since they are generally more populated than
higher excited states; therefore, they serve as a source
of energy for chemical reactions. These states represent
a considerable factor in plasma kinetics and energy
transfer processes.

Table 1 shows the characteristic time of electron

impact excitation/de-excitation 7{”¢,

excitation g fad-deex

i

radiative de-
and electron impact ionization

ionz,e

7 of state i.

Table 1 — Characteristic times for the first four excited states

1s5 1s4 1ss 1s2
z_icol,e (S) 1.9x10-4(13.3x10-4(1.3x10-3[1.39x10—4
TiRad—deex (s) 56* 4.69x 10§ 45% 3.58x10-9
77 (s)  [7.93x10-41.26x10-33.97x10-41.24x10 -3

*These high periods are a characteristic of metastable states

Diffusion characteristic times for 1s5 and 1s3 are,
t? =1.63x107 s and 7’ =1.54x10"? s.

2

respectively,
Characteristic times for Penning ionization processes
TiPI =5.88x107° s at Zn density of ~ 1011 cm —3.

It is noticed that
— for all 3p54s states riD << rf"l‘e,rf""z’e ,

states e

i

rad—deex

—for metastable ,T; o <<T] and

PI D
T, <<71;,

— for resonant states 7] % << ¢ ¢ geobe glonze

i
Penning ionization process of sputtered particles by
metastable states is a very important loss process be-

cause z'iP T« gD glomze geole prad—deex 15,4 for resonant

[ 2R [ (g

states it 1is less 1important process because

rl.”’d‘dm << riP T Tt is clear that the existence of a sput-

tered Zn atom changes plasma kinetics.
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Electron impact and radiative processes were the
only processes taken into account for higher excited
states (4p, 3d, 5s, 5p, ...).

4.4 Spatial Distributions of Rate Coefficients of
Collisional Processes

The axial structure of the calculated plasma proper-
ties is similar to the rate coefficients most evident in
the profiles generated by the CRM.

4.4.1 Rate Coefficients of Electron Impact
Excitation

Fig. 5 presents the rate coefficient of electron im-
pact excitation from the ground state to some higher
states.

mgg.0shH (SF) e
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gs-1s4 (A)
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Fig. 5 — Rate coefficient of electron impact excitation from the
ground state to some higher states

The excitation rate coefficient profiles present a
substantial variation in the plasma. According to the z
position, the excitation rate coefficients (Xj) are mini-
mum at the reactor center. Two peaks of the rate coef-
ficients move away from the electrodes and are im-
mersed in the plasma sheath. While the rate coeffi-
cients have minimum values at the reactor center, near
the anode and cathode these values increase.

We can see the rate coefficients of electron impact
excitation for 1sx states, corresponding to parity forbid-
den transition, at the reactor center (n.= 1.5xX109 cm 3,
p=13.33Pa and T.=1.56 eV). The rate coefficient of
electron impact excitation is about 10-9 to 10-7 cm~9/s.
The value of the rate coefficient from the metastable
state 1s5 towards resonant states 1s4 is 2.04x10-7 cm—3/s
and its value from resonant states 1si towards reso-
nant states 1s2 is 1.11xX10-8 cm—3/s, while its value
from the metastable state 1ss towards the metastable
state 1s31s 6.39x10 -2 cm —3/s.

For electron impact de-excitation between four 1s
states, the rate coefficients are almost constant in dif-
ferent z positions of the reactor.

4.4.2. Rate Coefficients of Ionization and
Recombination Processes

J. NANO- ELECTRON. PHYS. 13, 05007 (2021)

According to the z position, the rate coefficients of
electron impact ionization S; vary depending on the
electron temperature (Fig. 6).
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Fig. 6 — Profiles of ionization rate coefficients of atoms from
3po4s (1sx) states

It is observed that the ionization rate coefficients
from excited states (~ 108 cm ~3/s) are more important
than the ionization rate coefficient from the ground
state by direct ionization (S1=1.3X10-12 cm~3/s at the
reactor center). In radiative recombination, the rate
coefficients are almost constant for different z positions
in the reactor. The rate coefficient of radiative recom-
bination to the fundamental state (Rrqq,1=9.8x10-14
cm ~3/s) is more important than those to excited states
(~ 10-16 cm ~3/s for 3pS4s states).

4.5 Spatial Densities of Excited States and
Relative Contributions of Processes

4.5.1 Densities of States

In the cathode and anode zones, the density of
ground states remains constant (/N1 = No) and decreases
slightly at the reactor center. Indeed, the density ratios
of neutrals to the density of atoms at a metastable level
is less than 5x10-7.

According to our findings, 3 different regions can be
clearly seen in the profiles of the population of excited
states as a function of z. These are two electrode re-
gions and the center of the plasma. The density of met-
astable states 3p54s (1s5, 1s3) at the center of the reac-
tor (n(lss) =1.49%10° cm~—3, n(1s3) =2.38X10% cm~3) is
greater than the density of both extremities (Fig. 7). At
the same time, the metastable densities near the cath-
ode (n(lss) =1.18x10% cm~3, n(1s3) = 1.9X107 cm —3) are
less than those near the anode (n(1s5) = 1.63x108 cm 3,
n(ls3) = 2.57x107 cm ~3) (see Fig. 7). So, the densities of
excited states are not homogeneous in different z posi-
tions of the reactor.

The densities of resonant states 3p°4s (1s4, 1s2) are
relatively weak near the plasma sheath interface
(n(1ss) = 3.5x107ecm 3, n(lsz) =7.7x106cm~-3) com-
pared to the bulk plasma (n(lss)=1.13x108cm -3,
n(lsz) = 2.54x107 cm ~3) and almost zero near the elec-
trodes. In our calculations, the metastable density of
1s5 is greater than that of 1s3 and the resonance densi-
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ty of 1s41s greater than that of 1se.

The population of 3p>4s states is consistent with the
data reported by L. Maaloul et al. [5] and by L. Maaloul
and L. Stafford [19] in RF magnetron sputtering. For
atomic metastable states of Ar, the density of Ar 1ss is
of the order of 109 cm 3 and of Ar 1s3 is of the order of
108 cm —3; for atomic resonant states of Ar, the densi-
ties of Ar 1ss and Ar 1s2 are of the order of 108 cm~3.
The ratio of the densities of atoms in 1s5 to the densi-
ties of atoms in 1s3 was found to be around 6=+ 0.5,
which is close to that found in the research papers of
L. Maaloul et al. [5, 19] and J.B. Boffard et al. [16].
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Fig. 7 — Densities of 3p54s (1s:, x = 2, 3, 4, 5) states

4.5.2 Contribution of Production and Loss
Mechanism for 3p54s States

In order to estimate the respective contributions of
different processes taken into account in our model
(Eq. (4)), the population and de-population in metasta-
ble and resonant states are presented in Table 2 for
Nzn=10"cm~-3. In the production process for each
statelsy, we have population by electron impact excita-
tion from the ground state and by electron impact trans-
fers from other near 3p54s states and by radiative de-
excitation from high states (4p, 3d, 5s, 5p). In the loss
process, we have de-population by electron impact exci-
tation to high states (4p, 3d, 5s, 5p), by electron impact
transfers to the near 3p54s states and by radiative de-
excitation to the ground state. The Penning ionization
and diffusion are loss process for metastable states.

Table 2 — Relative contributions of some production and loss
processes of 3p54s states

1s5 1s4 1ss 1s2

N=2) | N=3) | (N=4) | IN=5)
Production process
Excit, e 22.04 % [31.89 % [17.86 % [63.36 %
Rad-deex 77.69 % [65.75% |81.72% [36.17 %
Other processes|0.27 % 2.36 % 10.42% 10.47%
Loss process
Eexcit, e 5.1 % 0.23% [2.97% 10.31%
Rad-deex - 99.42 % |- 99.63 %
PI 89.74% |- 91.84 % |-
Other processes|5.16 % 0.35% [5.19% (0.05%

J. NANO- ELECTRON. PHYS. 13, 05007 (2021)

In the production process, we include radiative re-
combination, electron impact de-excitation and electron
impact transfers between near 3p®4s states in part of
other processes. For the loss process, we include elec-
tron impact ionization, electron impact de-excitation,
electron impact transfers between near 3p54s states for
each 1sy and diffusion for metastable states.

In Table 2, we present the relative contributions of
the production (population) processes of 3p°4s. The con-
tribution of electron impact de-excitation via higher
states (4p, 3d, 5s, 5p) to all 3p>4s states is negligible. In
the case of metastable states, the contribution of exci-
tation and de-excitation by impact electrons between
nearby states is weak 3p54s (1ss, 1s4, 1s3, 1s2), since it
is about 0.27 % for level 1s5 and 0.41 % for level 1ss.
Similarly, for resonant states their contribution is
about 0.47 % for 1s2 and 2.35 % for 1s4. The contribu-
tion of electron impact excitation via the ground state
is important, namely 22.04 % for level 1s5, 17.86 % for
level 1s3, 31.89 % for level 1s4 and 63.36 % for level 1sg;
therefore, this mechanism is main for resonant levels.
In addition, the contribution of radiative de-excitation
of higher states (4p, 5p, 3d etc.) is also important,
77.69 % and 81.72 % for metastable levels 1s5 and 1s3,
65.75 % and 36.17 % for resonant levels 1s4 and 1s2.

For the mechanism of loss (depopulation) in 3p54s
states, it can be clearly seen that:

— The contribution of electron impact excitation and de-
excitation to all states is of the order of 7 % for 1s5 and
4 % for 1ss.

— Atoms in the metastable state 3p®4s (1ss5, 1s3) will
diffuse through the plasma according to the geometry
of the discharge chamber. The contribution of the diffu-
sion of metastable atoms to the reactor walls is of the
order of 3.24 % for 1s5 and 3.50 % for 1ss. It is noted
that this phenomenon has a weak impact in the range
of 100 mTorr.

— The dominant process is the Penning ionization with
sputtered Zn atoms, its relative contribution is about
90 % at Nzn =10 ecm~-3. The importance of Penning
ionization reactions on plasma kinetics during magne-
tron sputtering with Zn targets illustrated above is in
good agreement with the work of L. Maaloul and
L. Stafford [19]. Indeed, the authors have shown that
in plasmas characterized by relatively low charged par-
ticle densities, Penning ionization reactions are the
dominant mechanisms for pulverized particles.

— Electron impact ionization and electron impact de-
excitation to the ground state are negligible.

5. CONCLUSIONS

CRM methods play a very important role in explain-
ing plasma environment. In this paper, a CRM was
applied using parameters of RF magnetron sputtering
plasma (electron temperature, electron and ion densi-
ties, and argon atom density) in order to determine the
excited state population of 1s states of argon plasma.

According to our findings, 3 different regions can be
distinguished in the profiles of populations of excited
states as a function of z: two electrode regions and the
center of the plasma.

Densities of excited states 3p®4s (1sx: x = 2-5) in dif-
ferent positions increase toward the reactor center; the
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state density on the cathode side is greater than that
on the anode side, and densities of atoms in the ground
state are almost constant. Furthermore, densities of
excited states are no longer symmetric with respect to
the reactor center because of the existence of a magnet-
ic field B in the target region.

Again, the diffusion phenomenon of metastable at-
oms changes slightly the distribution of metastable
atoms in the sputtering plasma, which increases its
density in the center of the reactor and decreases at the
limits. However, the effect of diffusion of metastable
atoms on the ground state and resonant states distri-
butions is negligible.

The Penning ionization process for metastable
(e <P and

states is important

ionz,e

o <<

col,e _rad—deex
T T

about 90 % at Nzn =10 cm -3, but it is not essential

, its relative contribution is
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ToHKI IJIIBKM BUKOPHUCTOBYIOTHCA B PISHUX TaJIy3sX IIPOMUCJIOBOCTI, 4 caMe y BHPOOHWMIITBI COHSIYHUX
€JIeMEHTIB, IJIOCKUX eKPaHIB Ta JJIS MOJIIIIeHHs (I3MYHUX BJIACTUBOCTEN [T0BEPXOHDb MaTepiaiiB. Y mpoiie-
cax OCA/yKeHHS TOHKMX IIIBOK CTYIIHb PIBHOBATY TA 1HIII XapaKTePUCTUKH ILJIA3MH, TaKi K IPUPOA, TyC-
THHA 1 TeMIepaTypa, IOBHHHI OyTH BU3HAYEH], 11106 3p03yMITH MIOSIBY PI3HUX SIBUIL. Y Po0OTI OCHOBHA yBara
IPUIIISEThCS BUBUEHHIO IIPOCTOPOBUX POSIOILIIB I'YCTHH 30ykeHux craHiB Ar* (3p54s (1s.: x = 2-5)), a Ta-
KO/K BIJHOCHMX BHECKIB TAKMX IIPOIECIB, sSK 0OoMOapayBaHHsA eJIEKTPOHAMU, BUIIPOMIHIOBAJIBHE Jie-
30ymxeHHs, ABUINA Oudya3il MeTacTablIbHUX CTAaHIB Ta ioHisalia [leHHIHra B MOy ALl TA JeIOIIyJIAIil pi-
3HUX CTaHIB aToMiB aprouy. J{ss mporo pamiamiitay mogess 3itkaens (CRM), ska Briouana 41 cran, 6yio
34CTOCOBAHO 3 BUKOPUCTAHHSAM 3aJaHUX [1apaMeTpiB y IJIa3Mi BHCOKOYACTOTHOTO MATHETPOHHOTO PO3IIH-
nenssa. [ mapameTpy BRIIOYAIOTH TEMIIEPATYPY €JIeKTPOHIB, I'yCTUHHU €JIeKTPOHIB Ta 10HIB aprony. Kimeru-
YHI PIBHAHHA I'YCTUH CTAHIB IIPHUBEJIN 10 MATPUYHOL CUCTEMH, KA 0yJia po3B'A3aHa YNCEJILHO 34 JOIIOMOrO0
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iTepariitaoro mMeromy I'ayca-3eiimesss. Pesysibraru mMOKasyioTh, IO OChOBI POSIOILIN PISHUX 30yIyKEHHUX
CTAHIB T4 CTAHIB HA KATOI TPOXH OLIIBIII, HIsK Ha aHOMI; BOHU TAKOK ITOKA3YIOTh, 110 OOM/IBI I'yCTHHN MEHIII,
H y 1eHTpl peakropa. lomisarisa I[lenninra BasmBa 111 MeTacTablabHUX craHiB 3po4s (1ss, 1s3), ae He
BasKJIMBA JJIsT Pe30HAHCHUX cTaHIB 3p°4s (1s4, 1s2). Pisui ryctuam 30yxeHUX CTAHIB HE € CHMETPUIHUMU
BIJTHOCHO TIEHTPY peakTopa uyepe3 HASBHICTh MATHITHOTO TOJIs Ha KATOI.

Kmouosi cnosa: Pamiamitina Momesns 3iTKHEeHb, BHCOKOYACTOTHE MATHETPOHHE PO3NMWJICHHS, loHi3arrisa
Ilenninra, Jludysiiui ssura.
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