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Using a global model, the ionization region (IR) of a magnetron discharge in argon with copper target is studied
for the conditions corresponding to carried out experiments (the neutral gas pressure is in the range 0.01...0.1 Torr
and the magnetron current is between 10 and 300 mA). It is found how the densities of thermal and hot electrons
(emitted secondary electrons at ion bombardment of the target), copper and argon ions, copper atoms and metastable
argon atoms in the IR depend on the magnetron current and gas pressure. The current dependences for the voltage
drop across the sheath near the target, the sheath size and the energies of ions with which they bombard the target
are also determined for different pressures. It is found that the temperature of thermal electrons decreases with
increasing the magnetron current and pressure, in agreement with experimental data on the temperature of energy
level population (so called excitation temperature) of argon atoms determined by Boltzmann plot technique on the

basis of argon spectral lines.
PACS: 52.65.-y, 52.50. Dg

INTRODUCTION

Magnetron sputtering has been widely applied for
the deposition of thin films [1, 2] and the production of
nanoparticles [3]. The technology is effectively used in
many industrial applications [1]. Therefore, magnetron
plasmas have been intensively studied in experiments
and theoretically [1-3]. In particular, to analyse
properties of magnetron sputtering  discharges,
analytical, hybrid Monte Carlo (MC)-fluid, MC and
particle-in-cell-Monte Carlo collision models have been
developed by different scientific groups [2]. For the
analysis of the ionization region (IR) near the target,
global models have been also used [4-8].

However, most of the global models were developed
for magnetron discharges operating in the low-pressure
regime [5-8] (pressure P is less than 1 Pa). For this
regime, the mean free paths of ions 4; are usually larger
than the IR dimensions and the size of the sheath (s)
near the target. Global models for the IR at P > 20 Pa
were developed only in a few works [4, 9]. In [9], the
study of properties of the IR at 20 Pa < P < 210 Pa was
carried out assuming that 4; <s.

Meanwhile, to the best of our knowledge, magnetron
sputtering discharges have not yet been analyzed for the
intermediate pressure regime (1 Pa < P < 20 Pa) using
global models. In this pressure regime, the both cases,
Ai <sand 4; > s, may take place (it depends on external
conditions). Therefore, for these pressures, the sheath
properties should be analyzed taking into account that
the ratio of 4;to s is unknown.

In this paper, the IR of a magnetron plasma in argon
gas with copper target is studied for the pressure range
1.33 Pa (0.01 Torr) < P <13.33 Pa (0.1 Torr), using the
global model developed in [9]. The model in [9] is
slightly modified to take into account that the sheath
near the target may be collisionless. Using this model,

the IR properties (the densities of ions and electrons,
copper atoms and metastable argon atoms and the
electron temperature) and the sheath properties (the
sheath size and the ion energies with which they
bombard the target) are analyzed under conditions
corresponding to the experiments in a magnetron argon
plasma with copper vapor.

1. EXPERIMENTAL STUDY
AND SIMULATION

1.1. EXPERIMENTAL TECHNIQUE

Experimental studies were carried out on a
magnetron sputtering system based on a planar cathode
of 72 mm diameter. A copper tube as an anode was
located at a distance of 15 mm from the cathode. As a
source of material for sputtering, a metal target made of
copper was placed on the surface of the cathode. The
detailed description of the magnetron discharge device
can be found in [10].

In the experiment, the parameters of the magnetron
discharge in argon (the voltage drop between the anode
and cathode and the temperatures of energy level
population of atoms) were analyzed at neutral gas
pressure in the range of 0.01...0.1 Torr and the
magnetron current from 10 to 300 mA. The emission
spectra of copper-argon plasma were studied by the
Solar LS SDH-IV spectrometer. The temperatures of
energy level population of argon atoms were obtained
by Boltzmann plot technique on the base of spectral
lines of this element.

1.2. SIMULATION MODEL

The global model assumes that the ionization region
near the target can be described as a homogeneous half
torus of mean radius R,, and of toroidal radius Ry,
confined above the cathode racetrack [4, 8]. The IR
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plasma volume is Vigr = 7°RmR%r, the area of its surface
near the target is Sgr = 7[(Rm + Rior)? - (Rm - Rw)?],
while the area of half of torus surface is Si; =27°RiRior-
Here, it is assumed that R,,= 2.5 cm and Ry, = 0.75 cm.
The dimensions of the IR correspond to the 7.2 cm
cathode used in [10].

The dominant neutral species in the magnetron
discharge are argon atoms in the ground state (Ary) at
density na = P/(kgTg), where kg is the Boltzmann
constant and T (= 400 K) is the neutral gas temperature.
It is assumed that the discharge contains also copper
atoms with density nc, which appear in the IR due to
target sputtering by ion fluxes. We assume that there
are thermal electrons (e') with density n, and
temperature T, (in eV), singly ionized argon (Ar*) and
copper (Cu®) ions with densities na. and nNeys,
respectively, and hot electrons (e") (emitted secondary
electrons at ion bombardment of the target) with density
ney and temperature Te, (in eV). The magnetron
discharge also contains metastable argon atoms (Ary)
with density np,, argon atoms in the resonance 4s states
(P, and 'P,) (Ar) with density n,, as well as argon
atoms in 4p states (Arap) with density nyy,.

The energy distributions for ions and electrons are
assumed to be Maxwellian, and the temperatures of all
ions and neutral species are assumed to be equal to Tg.
We assume that the temperature of hot electrons Te, is
(213)(Usp+Ur/2), where Ug, and Ujr are the potential
drops across the sheath near the target and the ionization
region, respectively. Ug+Ur = Up where Up is the
voltage applied to the target.

It is assumed that the IR plasma is quasineutral, i.e.

Nar+ + Negr = Ne + Nep (1)

The fluxes of argon and copper ions to the target are
calculated as 7ar+ = hyar Ugar Nare and Icye = hicy Uscy
Ncu+, Where hyar, hicy, Ugar and ugcy are the ratios of the
ion density at the sheath edge to that in the IR, and the
ion (Bohm) velocities at the sheath edge with the IR
plasma for Ar* and Cu®, respectively. The expressions
for hiar, hicy, and ugar and upc, are presented in [9].

The fluxes of ions are linked to the magnetron
current Ip via the relation

Io/(e Srr) = (1 + pars)lare + Tcus 2)

where e is the absolute value of electron charge, yar =
0.112 is the secondary electron emission (SEE)
coefficient for collisions of argon ions with the copper
target. Here, it is assumed that the SEE coefficient for
collisions of copper ions with the target is zero [7].

Using Egs. (1) and (2) and the expressions for I'a.
and 7Icu+, One gets the following expression for the
electron density

ne=1I,+ (1 - kn) Nare = Nen (3)

where 1, = lp/(€Sgrhiculscu) and Ky = (1 + yar+)Niarlpad
(hLcuUscy)-

The density of « ions (« is Ar* or Cu®) is described by
the following balance equation:

9 _v pa_TaSerr
octa = i R; Virft’ “)

where R% is the collisional rate for the i-th reaction
accompanied by generation or loss of « ions. Here, it is
assumed that the fraction of ions leaving the IR plasma
towards the target, f;, is the same for argon and copper
ions. Detail information on the processes describing the
generation and loss of ions in different collisions and on
the corresponding rate coefficients is presented in [9].

For the steady-state case (9/0t = 0) considered here,
it follows from Eq. (4) that

f = (I'ar++I cu+)SRT ©)
7 iR+ SR ViR

To calculate the ion densities, one also needs to
know the density of Cu atoms which can be found from
the following equation

0 _ (&r+Y:4ri + FCu+YCui)SRT Ar+Cu
a_n(:u - v —-K Nar+Ncu
t IR .
eCu ehCu
-K NeNcy — K NenNcy —
mcCu ncuDcu
K (nm +n, + n4p)nCu TR (6)
or

where Y, and Y are the sputtering yields describing
generation of Cu atoms in collisions of Ar* and Cu” ions
with the target, respectively. The yields as functions of
the ion energies E, with which they bombard the target
are taken from [11]. KA™C" K®U K and K™ are the
rate constants for the reactions Ar" + Cu — Arg + Cu”,
e'+Cu— Cu'+2¢, e"+Cu— Cu"+e'+e" and Ar*
+ Cu — Arg + Cu* + €', respectively, where Ar* is Ary,
Ar, or Arg The rate constant values and their
dependencies on T, and T, are presented in [9].

The density of hot electrons is described by the
following expression [9]

ONen/0t = Yars L ar+ SrTfViR = Vi Nens )

where v, = 1/zgies + Qnle, is the loss frequency of hot
electrons; e, = Ug, + Ui /2 is the average energy of hot
electrons; T4 s the time for hot electrons to exit from
the ionization region due to diffusion and Q is the
power loss by hot electrons in different collisions (the
expression for Qy is presented in the supplementary
material for [9]). ¢ = R%/(2Dn), where D, =
eTen/[Me(vean + Vian)]x [1 + wzc/( Veah Viah)z]-1 [12]; m, is
the electron mass; vean is the frequency for collisions of
hot electrons with atoms; via, is the ionization frequency
of discharge atoms by hot electrons and @, is the
electron gyro-frequency. The studies are carried out for
the magnetic field strength of 0.03 T.

The ion energy E, depends on the ratio of the sheath
size s to the value of the ion mean-free path 4,. If 1, >s,
we assume that E, = Ug, = Up(1-fir), where fir =
Ur/Up. For the case, when ion-neutral collisions in the
sheath are intensive (4, < s), the energy with which Ar*
and Cu” ions bombard the target can be found using
equation (6.5.2) in [13]

E,=elEln, ®)
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2/3
M} s2/3 is the electric field

2&0y/2eAiay/TMiay.

strength in the collisional sheath near the target [13], &
is the vacuum permittivity; diay = (Aar+ Nare + Acus Neus)/
( Nar+ + Ncys) s the average ion mean free path; my,, =
(Mar Nar+ + Mey Newe)/( Nare + Neys) IS the average ion
mass, ma, and mc, are the masses of argon and copper
atoms, respectively.

In the case when Ai,, > s, the sheath size is found
using Eqg. (6.3.14) in [13]

where E =

S =

%2 s ()", ©

3 T,
where Apgs is the Debye length at the boundary of the
sheath near the target with the IR plasma.
For Ay < s, the sheath size is calculated using
equation (6.5.7) in [13]
3 1\ 2/5
205" (5)7 (Zeliavf
= |- | — &
36(1;11’+ +rCu+) 3 ° TMiay

(10)

The model also includes the balance equations for
argon atoms in the metastable, resonance 4s states and
4p states and the power balance equation for thermal
electrons. The detail information about these equations
and the model used here can be found in [9].

A steady-state (9/dt = 0) solution of the time-
dependent balance equations of the IR model was found
by using the DVODE package [14]. In all considered
cases, the calculations were performed for the case
f=0.9, as in [9].

2. RESULTS OF NUMERICAL
CALCULATIONS

The model presented in previous section was used to
analyze properties of the IR and the sheath near the
target of a magnetron discharge for the conditions of
experiments in [10]. The model equations were solved
for P, Ip, and Up shown in Table. In Table, there are
also the temperatures of energy level population of
argon atoms which were determined in [10] by
Boltzmann plot technique on the basis of argon spectral
lines. We assume that the temperature of thermal
electrons is proportional to the temperature of energy
level population of argon atoms.

In Fig. 1,a, the densities of electrons and ions and
the copper atom density as functions of I are presented
for P = 0.05 Torr. Fig. 1,a shows that the densities of
ions, electrons and copper atoms increase when the
magnetron current becomes larger because of increasing
the input power IpUp (see Table) and due to
intensification of the sputtering process (see Eqg. (6)).

For the conditions considered here, the density of
Ar’ ions is larger than the Cu® density because the
magnetron currents are not very high and, as a result,
Nar >> Ng, (see Fig. 1,a). The densities of argon atoms
are 2.414-10", 1.207-10", and 2.414-10"° cm® for
P =0.01; 0.05 and 0.1 Torr, respectively.

With increasing pressure, the temperature of thermal
electrons decreases (see Fig.1,b), in agreement with the
experimental results presented in Table. T, also

decreases with increasing the magnetron current. In our
opinion, the decrease of T, is mainly because the density
of Cu atoms becomes larger (the threshold energy for
ionization of Cu atoms is smaller than that for ionization
of Ar atoms) and due to increasing the density of hot
electrons (see Fig. 1,a).

Parameters of magnetron discharge measured in [10]

P, Torr ‘ Ip, MA ‘ Up, V ‘ T, K
0.01 10 255 19600
0.01 50 280 16750
0.01 100 300 14500
0.01 150 310 13600
0.01 300 320 11800
0.05 10 230 17200
0.05 50 260 14150
0.05 100 280 13300
0.05 150 290 13000
0.05 300 320 11700
0.1 10 220 15200
0.1 50 245 13400
0.1 100 275 13000
0.1 150 290 11900
0.1 300 320 10700
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Fig. 1. The calculated electron and ion densities and Cu
density for P =0.05 Torr (a) and the temperature of
thermal electrons (b) as functions of the magnetron

current for different pressures

However, the calculated variation of the electron
temperature with Iy is smaller than the variation of the
temperature of energy level population of argon atoms
(see Table). In our opinion, this difference is mainly due
to simplifications used in this model which are
discussed in next section.

The densities of most plasma species (thermal
electrons, Ar" and Cu® ions (for lp > 100 mA),
metastable argon atoms and Cu aoms (for Ip> 100 mA))
become larger with increasing pressure (Figs. 2 and
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Figs. 3,a) for most of the currents considered here
because of increasing the Ar, density. Note that for the
conditions considered in [9] (P > 20 Pa), the Cu and Cu®
densities decreased at increasing P. The decrease
observed in [9] was mainly due to essential decreasing
the ion energies with which they bombard the target [9].
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Fig. 2. The calculated densities of thermal electrons (a),

argon ions (b), copper atoms (c) and copper ions (d) as
functions of the magnetron current for different

pressures

The density of hot electrons decreases with growth
of P (see Fig. 3,b) due to increasing the Cu and Ar,
densities. Because of the increase of the densities of
neutral species, the loss of hot electrons in collisions
with argon and copper atoms becomes more intensive.

The voltage drop in the sheath becomes larger when
the magnetron current increases (Fig. 4,a), in agreement
with [9]. Uy, = Up(1- fir) decreases with increasing P
(see Fig. 4,a) because of an increase of the parameter fir
(see Fig. 4,b), which determines the voltage drop in the
IR. Here, where fir = Ur/Up is rather small (< 0.26), in
agreement with the results in [6] and [7].

The sheath size decreases with increasing I
(Fig. 5,a). At large pressures (liay < S), the decrease is
because the total ion flux density to the target, I'ar+ +
I'cu+, becomes larger (see Eq. (10)). In the case 4, > s,
the sheath size decrease may be explained by increasing
the Debye length /pes (see Eq. (9)).

Note that for the same pressure (at P = 0.05 and 0.1
Torr), the sheath size can be smaller than the average
ion mean free path if Iy is rather large and can be larger
than s for small magnetron currents (see Fig. 5,a). Thus,
the transition from the collision sheath regime to the
collisionless one is possible at variation of Ip.

When I, becomes larger, the energies of ions with
which Ar+ and Cu+ ions bombard the target increase
(see Fig. 5,b).
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Fig. 3. The calculated n,, (&) and ney, (b) as functions of

the magnetron current for different pressures
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functions of the magnetron current for different
pressures

ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne6(154) 39



For i, < s, this is due to increasing the total ion flux
density to the target (see Eq. (8)). For i > s, the
increase is due to the increase of the voltage drop in the
sheath (see Fig. 4,a). Ea+ and Ec,+ become larger with
decreasing P. For small pressures (4ia > S), this is due to
increasing Uy, (see Fig. 4,a). For i, <s, the increase of
E, is mainly due to increasing the ion mean free paths
(see Eq. (8)).

1 TTTTTTT T

:v.-. v L v L W — + I:
C higy 0.01 Torr ]
E - -
8 - il
(<: | Mgy 0-05 Torr o
(7)) "1-,;32,‘4; <4----4 <«
i, Ky 0.1 Torr
01} SEl e /_ ,,,,, 2 7
|&-—--@ =" 2 -. -... 50.01Torr H
: 01T / B / .i,j-“.f - € :
oSO 005 Tor 1a
I A E IR I AN AN N A A A A A I B AR A AN AN A B
0 100 200 300
5 (mA)
300 TT T T T T T TP T Tt rrTrrrrrrrrrrrr I*I T
L - e
—_— f'/‘r 0.01Torr 4
ST T e ]
- I S .
3200 - ¢ *0.05 Torr 4
y /l\
|- / ’ i
31 50 _ECu?- /, 0.1 Torr i
< i ‘.:.———.Ii;—EAH 7
2100 1/ o .
LLI —4 25 a ECu+ -
50 &7 :
T EAI* 1p
0llJlIIlIIIIIlllllillllllllllllll
0 100 200 300
I (mA)

Fig. 5. s, diay (@) and Ea+, Ecy+ (b) as functions of the
magnetron current for different pressures

SUMMARY

Thus, the ionization region of a magnetron discharge
with copper target has been investigated for the pressure
range 0.01 Torr < P < 0.1Torr, using the global model
developed in [9]. For different pressures, it has been
analyzed how properties of the IR and the sheath near
the target depend on the magnetron current. The studies
have been carried out for the conditions corresponding
to the experiment in [10]. It has been found that the
densities of thermal and hot electrons, Ar+ and Cu+
ions and Cu atoms increase with increasing lp (see
Fig. 2). The densities of most discharge species also
increase with increasing pressure because of a growth of
the argon density.

However, the density of hot electrons decreases
when pressure becomes larger (see Fig. 3,b) because of
increasing the loss of hot electrons in collisions. At
small Ip, the densities of Cu and Cu* may become also
smaller at larger pressure (see Fig. 2,c and d) because of
decreasing the energies of ions with which they
bombard the target (see Fig. 5,b) (the sputtering
becomes less intensive). For P > 0.05 Torr, the density

of metastable argon atoms increases with increasing Ip
at small currents and decreases at large ones (see
Fig. 3,a). In our opinion, the increase is due to
increasing n,, while the decrease is due to decreasing T,
and an enlargement of the density of copper atoms
(increasing the loss of metastable atoms in collisions
with Cu atoms).

The voltage drop in the sheath becomes larger with
an increase of the magnetron current, while the ratio of
the voltage drop in the IR to the voltage applied to the
target decreases with a decrease of pressure (see
Fig. 4,b) (in our opinion, the decrease is due to a
decrease of the energy loss of thermal electrons in
collisions).

The sheath size becomes smaller if I increases. As a
result, s may become smaller than the average ion mean
free path for large Ip and larger than A, for small Ip
(see Fig. 5,a).

The energies with which ions bombard the target
increase with increasing lp (see Fig. 5,b) because of
increasing Uy, for the case A,y > s (see Fig. 4,a) and due
to the increase of the electric field strength in the sheath
if Liay <s (see Eq. (8)).

The global model shows that the temperature of
thermal electrons becomes smaller with increasing Ip
(see Fig. 1,b) because of increasing the densities of
copper atoms and hot electrons. The temperature also
decreases when P becomes larger. The results on T, are
in good agreement with the obtained experimental
results on the temperature T of energy level population
of argon atoms. However, the decrease of T, with
increasing Ip, which gives the model, is essentially
smaller than the decrease of T in the experiment (see
Fig. 1,b and Table). In our opinion, the differences
between the model results and the experimental ones are
mainly due to model simplifications. In particular, the
model does not account that the electron energy
distribution function (EEDF) in the experiment may
differ essentially from the Maxwellian EEDF assumed
in this model [13, 15]. It also does not account for
formation of hot and warm argon atoms after interaction
of argon ions with the target [6]. Moreover, the
description of ion diffusion at P < 0.01 Torr should be
improved because for these pressures, the ion mean free
path is larger than the IR width (~ Ry,) (see Fig. 5,a).
Therefore, the model here can be used only for
qualitative analysis of the IR and requires an essential
improvement to describe properties of the IR plasma,
especially at low pressures (< 0.01 Torr). The model
and results presented here can be useful for verifying
experiments and numerical simulations, particularly
concerning magnetron spattering systems widely used in
modern technologies.
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BJACTHUBOCTI IOHIBAIIMHOT OBJIACTI MATHETPOHHOI'O PO3PSITY B APTOHI
3 HAPAMM MIJII, TIPOAHAJII3OBAHI 3A TOITIOMOT' OIO I''TOBAJIBHOI MOJIEJII

Lb. /lenucenxo, O.10. Kpasuenko, A.M. Bexnuu

BukopucToByroUr Ti100abHy MOJCIb, JOCTIKEHO i0Hi3amiiHy 001acTh (I0) MarHeTpOHHOTO PO3PsAy B aproHi 3
MIJJHOIO MIIIICHHIO 32 YMOB, IO BIAMOBINAIOTh MPOBEICHUM CKCICPUMEHTaM (THCK HEHTpalbHOrO Ta3y B Jiama3oHi
0.01...0.1 Topp, a crpym marHerpoHa B Mexax 10 ta 300 MA). BcTaHOBIEHO SIK TYCTHHH TEIDIOBUX Ta TapsSIux
CJIEKTPOHIB (BTOPHHHHX EJEKTPOHIB, IO TEHEPYIOTHCS 3a I0HHOTO OoMOapayBaHHS MillleHi), i0HIB Mimi Ta aproHy,
aTOMIB Milli Ta MeTacTabUThHUX aTOMIiB aproHy B 1O 3amexarp Bif cTpyMy MarHeTpoHa Ta THCKY raszy. st pizHHX
THUCKIB TaKOXX BH3HAYCHO 3aJICKHOCTI Bifl CTPYMY JAJIS MaXiHHSA HANPYTH Yy [Iapi MPOCTOPOBOTO 3apsmy O MIIIeHi,
po3Mipy mIapy MpOCTOPOBOTO 3apsiAy Ta Ul €HEprii 10HiB, 3 SIKIMH BOHH OOMOapAyIOTh MilleHb. BcTaHOBIEHO, IO
TEeMIIepaTypa TEIUIOBHX €JEKTPOHIB 3MEHIIYETHCS 31 30UIBIICHHSAM MarHeTPOHHOTO CTPyMy Ta THCKY, IO
Y3TOJDKYETBCSI 3 €KCIIEPUMEHTAJIbHUMHU JIaHUMH TIPO TEMIIEPaTypy 3acelieHHS €HepreTUUHHX PIBHIB aTOMIB aproHy,

BU3HAYCHUMH METOJIOM JiarpaMm boubliMaHa i3 3aJ1y4eHHSIM CHIEKTPaJIbHUX JIiHIH aproHy.
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