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1. INTRODUCTION

Magnetron sputtering systems are widely used in
electronics, optical industry, and mechanical engi�
neering to deposit thin films. These systems are based
on the excitation of a volume electric discharge in a
rarefied gaseous medium in which there are regions
with crossed electric and magnetic fields. The possibil�
ity of controlling the plasma parameters over a wide
range in the course of deposition is an important prop�
erty of magnetron sputtering systems. The require�
ments for the controlled plasma parameters depend on
a particular problem and the designation of the coat�
ing. It is well known that the structure and properties
of a coating can be changed by varying the ion current
density Ji to the substrate in the range of about 0.2−
2 mA/cm2 and the energy Ei of bombarding ions from
several electronvolts to a few hundred electronvolts
[1]. The ion energy can easily be controlled by apply�
ing a negative voltage to the conducting substrate;
however, the ion current is limited by the plasma den�
sity near the substrate. In conventional magnetron
sputtering systems, this density drops exponentially
with increasing distance from the cathode. The prob�
lem of generating the required ion current density can
be solved by using magnetrons equipped with electro�
magnetic coils that allow one to flexibly control the
strength and configuration of the magnetic field [2, 3].
However, at present, such magnetrons have not yet
received widespread use because they are rather diffi�
cult to manufacture and the effect of the magnetic
configuration on the operating parameters of a mag�
netron discharge is still poorly understood. Unfortu�

nately, information on the spatial distribution of the
plasma parameters (especially in magnetrons with an
unbalanced magnetic field) is very scarce. Although
magnetron plasmas have been studied using electric
probes [4–7] and optical spectroscopy [8, 9], these
studies were performed in limited spatial regions and
are insufficient to construct a complete picture of the
spatial distributions of the plasma parameters.

The objective of this work was to experimentally
determine the distributions of the plasma parameters
in the region between the cathode and the substrate in
a magnetron sputtering system with an electromag�
netic coil that allows one to widely vary the configura�
tion of the magnetic field above the cathode surface.
The main goal of this work was to study how the distri�
butions of the plasma parameters depend on the distri�
bution of the magnetic field.

The objective of this work was to experimentally
determine the distributions of the plasma parameters
in the region between the cathode and the substrate in
a magnetron sputtering system with an electromag�
netic coil that allows one to widely vary the configura�
tion of the magnetic field above the cathode surface.
The main goal of this work was to study how the distri�
butions of the plasma parameters depend on the distri�
bution of the magnetic field.

2. EXPERIMENTAL SETUP

A schematic of the magnetron sputtering system
with an electromagnetic coil is shown in Fig. 1. The
experiments were performed in a 600 × 600 × 600�mm
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stainless�steel vacuum chamber. The magnetron was
attached to the vacuum chamber via a mounting
flange, which, as well as the wall of the vacuum cham�
ber, served as an anode of the magnetron discharge.
The magnetron cathode was a 95�mm�diameter
6�mm�thick titanium disk cooled with water. The axi�
symmetric magnetic system consisted of a central and
a peripheral ring permanent (NdFeB) magnet, a mag�
netic conductor, and a coaxial electromagnetic coil
with 3500 turns of a copper wire with a current of up to
1 A.

The distribution of the magnetic field above the
cathode was calculated using the ELCUT code
intended for engineering simulations of electromag�
netic, thermal, and other problems by using the well�
known finite�element method. The magnetic field
produced by the magnetic system on the cathode sur�
face and the magnetron axis in the magnetron−sub�
strate space was also measured with an RSh 1�10 mag�
netometer.

The main parameters measured in our experiments
were the argon pressure, the discharge power, and the
current in the electromagnetic coil. The pressure in
the vacuum chamber was controlled by varying the
flow rate of the working gas supplied to the chamber.
The working gas pressure was varied from 0.8×10−1 to
3×10−1 Pa; the discharge power, from 0.5 to 2 kW; and
the current in the electromagnetic coil, from 0 to 1 A.

The ion current to the substrate was measured
using a 330�cm2 collector, which was installed at a dis�
tance of 23 cm from the magnetron and to which a

pulsed negative voltage with an amplitude of 100 V, a
frequency of 18 kHz, and a period�to�pulse ratio of
50% was supplied.

The ion current density Ji to the substrate and the
floating potential Vfl were determined using a plane
probe with a guard ring. The guard ring surrounding
the 11.8�mm�diameter stainless�steel central elec�
trode of the probe was at the same potential as the cen�
tral electrode and served to minimize edge effects [10].
The probe was placed at the substrate in such a way
that its working surface was in the substrate plane.

The plasma potential Vpl was determined by mea�
suring the floating potential of an emissive probe (see
[11]). As the filament current is increased, the probe is
heated and the probe emission current increases,
which leads to an increase in the probe floating poten�
tial. When the emission current becomes equal to the
electron current from the plasma to the probe, the
floating potential of the probe becomes equal to the
plasma potential. Using probes, we measured the
radial distributions of the above plasma parameters at
different distances from the cathode.

To better understand the effect of ion bombard�
ment during magnetron deposition, it is necessary to
have more information on the energy distributions of
ions bombarding the surface under different deposi�
tion conditions. Therefore, we performed measure�
ments of the energy spectra of positive ions in a mag�
netron discharge by using a HIDEN EQP 45° electro�
static analyzer. The analyzer was placed on the
magnetron axis at a distance of 13.5 cm from its cath�
ode. The diameter of the aperture through which the
ions were extracted from discharge plasma was
0.1 mm.

To better understand the effect of ion bombard�
ment during magnetron deposition, it is necessary to
have more information on the energy distributions of
ions bombarding the surface under different deposi�
tion conditions. Therefore, we performed measure�
ments of the energy spectra of positive ions in a mag�
netron discharge by using a HIDEN EQP 45° electro�
static analyzer. The analyzer was placed on the
magnetron axis at a distance of 13.5 cm from its cath�
ode. The diameter of the aperture through which the
ions were extracted from discharge plasma was
0.1 mm.

3. RESULTS AND DISCUSSION

The calculated distributions of the magnetic field
above the cathode surface are shown in Fig. 2. Since
the numerical model is symmetric with respect to the
Z axis (Fig. 1), Fig. 2 shows only the left halves of the
distributions. It is seen that, depending on the value
and direction of the current Iñ in the electromagnetic
coil, either a balanced or an unbalanced (type 1 or 2,
according to the accepted terminology [12]) magnetic
configuration can form above the cathode surface. The
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Fig. 1. Simplified schematic of the magnetron sputtering
system: (1) cathode, (2) substrate, (3) permanent magnets,
(4) solenoid, (5) magnetic circuit, (6) unbalanced mag�
netic field lines, (7) balanced magnetic field lines, (8)
anode, and (PS) magnetron power supply.
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type�1 unbalanced magnetic configuration has not
received widespread use, because, in this configura�
tion, the unbalanced field lines are directed toward the
chamber wall; as a result, the plasma density near the
substrate is low. Therefore, the type�2 unbalanced
magnetic configuration is more suitable for the gener�
ation of ions near the substrate. This configuration
forms when the direction of the solenoid magnetic
field coincides with that of the magnetic field pro�
duced by the external magnets of the magnetron (Ic =
1 A).

To estimate the degree to which the magnetic field
was unbalanced, we used the coefficient of the geo�
metric unbalance KG, which was calculated by the for�
mula

where Z0 is the distance to the null point (a point on
the magnetron axis at which the magnetic field
changes its direction) and R is the average radius of the
erosion zone [13].

For the given magnetron design, KG can vary within
the interval 0.3–3.3, depending on the current in the
electromagnetic coil.

In addition to magnetic field calculations, we also
performed direct measurements of the magnetic field
at different values of the current in the electromag�
netic coil. The results of these measurements are pre�
sented in Fig. 3. The tangential component of the
magnetic field above the cathode surface is minimum
(550 G) at Ic = 1 A. The radius of the sputtering region
is also minimum at this current value. This is because,

= /0 2GK Z R

in a highly unbalanced regime (type 2), the magnetic
trap above the cathode surface is pressed by the force
lines of the unbalanced magnetic field toward the cen�
ter of the cathode. The inhomogeneity of the magnetic
field above the cathode surface (Fig. 3a) leads to
plasma localization in the region where the magnetic
field is maximum and the formation of a narrow ero�
sion groove. Due to the arch shape of the magnetic
field, the use factor of the cathode is usually 25–30%.
To enlarge the cathode sputtered area and, hence,
increase the use factor of the cathode, systems in
which magnets are displaced along the surface of a
plane cathode or cylindrical cathodes are rotated
about stationary magnetic systems are often used.
However, these methods considerably complicate the
magnetron design. Therefore, in some cases, it is sim�
pler to move the sputtering region along the cathode
surface (rather than mechanically displacing the mag�
nets or the cathode) by supplying the electromagnetic
coil with an ac current. In this case, the range within
which the radius of the sputtering region varies with
the frequency of the ac solenoid current depends on
the configuration of the magnetic field.

In the type�1 unbalanced regime (  A), the
normal component the magnetic field component on
the system axis decreases exponentially to zero
(Fig. 3b). When the electromagnetic coil is switched
off, the magnetron operates in the type�2 weakly
unbalanced regime. As the solenoid current increases
to 1 A, the magnetic field lines become more unbal�
anced and the maximum value of the magnetic field on
the magnetron axis reaches 180 G.

с
= −1I

Ic = –1 A Ic = 0 Ic = 1

(c)(b)(а)

Fig. 2. Configuration of the magnetic field above the cathode surface for different values and directions of the current Ic in the
electromagnetic coil: (a) unbalanced magnetron (type 1), (b) weakly unbalanced magnetron (type 2), and (c) highly unbalanced
magnetron (type 2).
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One of the most important characteristics of a
magnetron discharge is its current−voltage character�
istic, which depends substantially on the working pres�
sure P and the magnetic induction B. The current of
the magnetron discharge is determined by many fac�
tors, such as the source power, the discharge voltage,
the sort and pressure of the working gas, the magnetic
induction, the configuration of the magnetron system,
and the sputtered material.

Figure 4 shows the current−voltage characteristic
of a magnetron discharge at different argon pressures
in the vacuum chamber. At discharge currents from 0.1
to 5 A, the operating voltage varies from 300 to 520 V.

As the gas pressure decreases, the current−voltage
characteristic shifts toward higher operating voltages.
When the electromagnetic coil is switched on, the dis�
charge voltage increases and the current−voltage char�
acteristic shifts toward higher operating voltages, as is
in the case in which the pressure is decreased (Fig. 5).
This is because, in the unbalanced regime, the shape of
the magnetic trap near the cathode surface is distorted.
As the current in the electromagnetic coil increases,
the magnetic field in the trap near the cathode
decreases (Fig. 3a), while the discharge voltage
increases. As a result, the energy of electrons leaving
the trap becomes greater.

When the collector is biased negatively, it extracts
ions. The voltage at which the ion current becomes
saturated is about 60 V. As the magnetron discharge
current increases from 1 to 4 A, the ion current to the
collector increases from 80 to 250 mA. When the elec�
tromagnetic coil is switched on, the ion current
extracted to the collector increases considerably
(Fig. 6). This is mainly related to the lengthening of
the trajectories of ionizing electrons in the axial mag�
netic field.

Figure 7 shows the results of measurement of the
density of the ion saturation current to the probe at the
distance L = 150 mm from the cathode for different
currents in the electromagnetic coil. The discharge
power was maintained at a constant level of 0.6 W. The
increase in the current in the electromagnetic coil is
accompanied by a considerable increase in the ion
current density. This effect, which is most pronounced
on the system axis, is explained by the increase in the
imbalance of the magnetic field, the force lines of
which are directed toward the substrate, thereby limit�
ing the transverse electron mobility and causing elec�
trons to move along the system axis. In this case, elec�
trons move together with ions, because the plasma
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Fig. 3. (a) Radial distributions of the tangential magnetic field component above the cathode surface and (b) axial distributions
of the normal magnetic field component at the magnetron axis for different values of the current in the electromagnetic coil.

520

480

440

400

360

320

280
0 1 2 3 4 5

Id, A

Ud, V

1

2

3
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different working gas pressures (the electromagnetic coil
switched off): PAr = (1) 0.08, (2) 0.2, and (3) 0.3 Pa.
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should be kept electrically neutral [14]. Visually, the
increase in the solenoid current is accompanied by a
decrease in the radius of the glowing region on the
cathode and the appearance of a plasma flow directed
toward the substrate on the system axis (Fig. 8).

Measurements of the floating potential and the
plasma potential in the maximally unbalanced regime
(Ic = 1 A) at different distances from the cathode show
that the spatial distributions of these parameters are
very nonuniform (see Figs. 9, 10). As the distance from

the cathode increases, the radial distributions of Vfl

and Vpl become flatter and have no pronounced
extrema on the system axis.

The lowest floating potential (down to –25 V) was
observed near the cathode and on the system axis. As
the distance from the cathode and the system axis
increased, the absolute value of the floating potential
decreased to several units of volts. The floating poten�
tial is known to be determined by the ion and electron
fluxes to the probe, which in turn depend on the den�
sity and energy of ions and electrons. Since the plasma
is assumed to be quasineutral and the electron mobil�
ity is considerably higher than the ion mobility, the
floating potential mainly depends on the electron
energy [15]. Thus, in [15], this was confirmed by mea�
surements of the spatial distributions of the floating
potential and electron temperature by a cylindrical
Langmuir probe. Regions with a high electron tem�
perature were found to correspond to those with a high
floating potential. The electron temperature in a bal�
anced magnetron was shown to be maximum near the
magnetic trap at the cathode surface and decrease with
distance from the cathode. Therefore, it can be
assumed that, in our case, the electron temperature is
maximum near the cathode and on the magnetron axis
and decreases in the region where the magnetic field is
weak.

Applying the additional magnetic field leads to (i) a
decrease in the plasma potential near the cathode and
on the system axis due to the magnetic confinement of
electrons and (ii) the formation of a radial potential
well for ions, which prevents them from leaving the
well in the radial direction. The plasma potential in a
magnetron discharge with an unbalanced magnetic
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field is negative because the plasma is confined by the
magnetic field between the negatively biased cathode
and the substrate [16].

The electrons that leave the magnetic trap near the
cathode surface move then toward the anode, thereby
balancing the ion flux to the cathode and maintaining
stable operation of the discharge. As a rule, electron
transport in plasma is described using the classical dif�
fusion model, which assumes the presence of a nonzero
gradient of the plasma potential that maintains balance
between electron and ion fluxes. According to this
model, the electron flux along the magnetic field is 

where μe is the electron mobility, De is the electron dif�
fusion coefficient, Ez is the axial electric field
( ), and Vp is the plasma potential.

The literature data on the spatial distributions of
the plasma potential in a magnetron discharge are
rather contradictory. In some experiments, large axial
variations ΔVp in the plasma potential between the
cathode sheath and the substrate were observed. Thus,
in [17], axial variations in the plasma potential were

Γez μeneEz– De
∂ne

∂z
������,–=

Ez ∂Vp/∂z–=

(а) (b)

Fig. 8. Plasma glow at the cathode (a) for the case in which the electromagnetic coil is switched off and (b) for the maximum
current (1 A) in the electromagnetic coil.
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found to be as large as ΔVp ~ 20 V, while in [18], they
were up to ~40 V. On the other hand, in [19], compar�
atively flat axial potential distributions with ΔVp of a
few volts were observed. 

Along with the gradients of the electric potential
and electron density, there is another factor causing
electrons to move toward the substrate—the axially
diverging magnetic field. In such a field, electrons are
affected by the force described by the expression [20]

∂
= −

∂

v
2

,
2

ze n
z

z

BmF
B z

where vn is the electron velocity component perpen�
dicular to the magnetic field.

The force Fz expels electrons toward the region
with a weaker field. However, in this case, electrons
gain no energy, because the magnetic field does not
perform any work.

In our case, as is seen in Fig. 10, the plasma poten�
tial rises with decreasing distance from the anode. As
the distance from the cathode increases from 6 to
22 cm, the plasma potential increases by ΔVp ~ 4 V.
When an external magnetic field is applied to the sys�
tem, the plasma potential decreases on the whole due
to a decrease in the electron Larmor radius and,
accordingly, more efficient confinement of plasma
electrons. When the magnetic field is sufficiently
strong, electrons can move across the magnetic field
lines over a distance larger than the Larmor radius only
due to multiple elastic collisions. Therefore, in order
to efficiently confine electrons and prevent them from
escaping to the chamber wall, the electron Larmor
radius should be much smaller than the characteristic
dimensions of the chamber. In this case, electrons are
“attached” to magnetic field lines, while the ion
motion is determined by the electric field produced by
charge separation in plasma.

Thus, the number of ions near the substrate in a
magnetron discharge with an unbalanced magnetic
field is relatively large because it is necessary to main�
tain plasma quasineutrality under the conditions of
anode�directed electron motion caused by the gradi�
ents of the electric potential and electron density, as
well as by the axial divergence of the magnetic field.

When the substrate is biased negatively, the region
where the electrons that left the magnetic trap near the
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Fig. 11. Energy spectra of argon ions for PAr = 0.15 Pa,
Ic = 0 A, and different discharge powers: P = (1) 0.5, (2) 1,
and (3) 1.5 kW.
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cathode are situated is limited from one side by a rela�
tively high negative potential of the substrate and, from
the other sides, by regions with a relatively strong mag�
netic field. As a result, electrons oscillate along the
magnetic field lines, due to which their energy is uti�
lized more efficiently.

Figures 11–16 show the energy distributions of
argon and titanium ions for different magnetron dis�

charge powers (0.5–2 kW), argon pressures (0.08–
0.32 Pa), and currents in the electromagnetic coil
(0.2–0.6 A). 

The energy spectra of argon and titanium ions have
maxima at energies of about 3.5 and 5 eV, respectively,
and high�energy tails in the energy range 5–30 eV
(Figs. 11, 12). The maxima of the energy distributions
correspond to thermalized ions, the energy of which is
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Fig. 13. Energy spectra of argon ions for Ic = 0 A, a dis�
charge power of 0.5 kW, and different gas pressures: PAr =
(1) 0.08, (2) 0.14, (3) 2, (4) 2.6, and (5) 3.2 Pa.
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determined by the difference between the plasma and
anode potentials. In a magnetron discharge, this dif�
ference is usually a few volts [21]. It is seen from the
energy spectra that most ions have corresponding
energies. The appearance of high�energy tails cannot
be attributed to the high plasma potential, because, in
a magnetron discharge, such potentials are not
observed [3]. There is a high negative potential (usu�
ally from –300 to –500 V) near the surface of the sput�
tered target, but this potential accelerates positive ions
only toward the cathode. The presence of ions with
energies of up to 20–30 eV can be explained by either
reflection of neutralized ions from the cathode [3] or
gas atoms acquiring energy in collisions with sputtered
cathode atoms. In both cases, high�energy neutral
atoms are then ionized in the plasma between the sub�
strate and the magnetic trap near the cathode surface.

It can be seen from the intensities of the peaks that
the number of titanium ions is only 1–2% of that of
argon ions. Thus, the degree of ionization of metal
atoms sputtered from the cathode is low. The intensi�
ties of the peaks increase with increasing discharge
power, which is related to the increase in the plasma
density in the measurement region (Figs. 11, 12).

In the energy spectra, there is always present a low�
energy peak of thermalized Ar ions, the intensity and
position of which are independent of the gas pressure
in the chamber (Fig. 13). However, the intensity of the
peak of Ar ions doubles as the current in the electro�
magnetic coil increases from 0 to 0.6 A (Fig. 15). The
high�energy tail of Ar ions decreases considerably with
increasing gas pressure and current in the electromag�
netic coil. The decrease in the number of high�energy
ions with increasing pressure is explained by an
increase in the frequency of collisions of Ar ions with
neutral atoms.

The intensity and position of the Ti ion peak
depends substantially on the Ar pressure in the cham�
ber (Fig. 14). As the pressure increases from 0.08 to
3.2 Pa, the intensity of this peak decreases fourfold
and the maximum of the distribution shifts from 8 to
5 eV. The current in the electromagnetic coil insignif�
icantly affects the energy spectra of Ti ions (Fig. 16);
however, the energy of these ions can be controlled by
varying the voltage applied to the processed articles.

The intensity and position of the Ti ion peak
depends substantially on the Ar pressure in the cham�
ber (Fig. 14). As the pressure increases from 0.08 to
3.2 Pa, the intensity of this peak decreases fourfold
and the maximum of the distribution shifts from 8 to
5 eV. The current in the electromagnetic coil insignif�
icantly affects the energy spectra of Ti ions (Fig. 16);
however, the energy of these ions can be controlled by
varying the voltage applied to the processed articles.

4. CONCLUSIONS

In our experiments, we have measured the spatial
distributions of the plasma parameters in a magnetron

sputtering system with an electromagnetic coil that
allows obtaining various magnetic configurations. It is
shown that, in order to increase the plasma density
near the substrate, it is necessary to create an axial
magnetic field between the substrate and the magne�
tron. The induction of this field must be high enough
to efficiently confine plasma electrons and prevent
them from drifting toward the chamber wall. In this
case, the plasma parameters are distributed nonuni�
formly in the space between the magnetron and the
substrate and the plasma potential can become nega�
tive. The ion current density and the floating potential
are the largest on the magnetron axis and decrease
with increasing distance from the magnetron and the
system axis.

The energy distributions of ions in a magnetron
discharge are nonequilibrium. They have maxima cor�
responding to thermalized particles that were ionized
at the plasma potential and high�energy tails with
energies of up to 20–30 eV. The intensity of the high�
energy tail depends on the gas pressure in the chamber
and the degree to which the magnetron is unbalanced.
The main process affecting the ion energy distribution
is collisional energy transfer from sputtered particles
to gas atoms.

The energy distributions of ions in a magnetron
discharge are nonequilibrium. They have maxima cor�
responding to thermalized particles that were ionized
at the plasma potential and high�energy tails with
energies of up to 20–30 eV. The intensity of the high�
energy tail depends on the gas pressure in the chamber
and the degree to which the magnetron is unbalanced.
The main process affecting the ion energy distribution
is collisional energy transfer from sputtered particles
to gas atoms.
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