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ABSTRACT

In magnetron sputtering, only a fraction of the sputtered target material leaving the ionization region is directed toward the substrate. This
fraction may be different for ions and neutrals of the target material as the neutrals and ions can exhibit a different spread as they travel
from the target surface toward the substrate. This difference can be significant in high power impulse magnetron sputtering (HiPIMS)
where a substantial fraction of the sputtered material is known to be ionized. Geometrical factors or transport parameters that account for
the loss of produced film-forming species to the chamber walls are needed for experimental characterization and modeling of the magnetron
sputtering discharge. Here, we experimentally determine transport parameters for ions and neutral atoms in a HiPIMS discharge with a tita-
nium target for various magnet configurations. Transport parameters are determined to a typical substrate, with the same diameter
(100 mm) as the cathode target, and located at a distance 70 mm from the target surface. As the magnet configuration and/or the discharge
current are changed, the transport parameter for neutral atoms ξtn remains roughly the same, while transport parameters for ions ξti vary
greatly. Furthermore, the relative ion-to-neutral transport factors, ξti=ξtn, that describe the relative deposited fractions of target material ions
and neutrals onto the substrate, are determined to be in the range from 0.4 to 1.1.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0002292

I. INTRODUCTION

The magnetron sputtering discharge1 is a widely used plasma
discharge-driven physical vapor deposition technique,2 where the
film-forming species are released from a solid target, the discharge
cathode, by an ion-driven sputter process. Magnetron sputter depo-
sition is a highly successful deposition technique that is utilized in
a range of industries. Magnetron sputtering is based on maintain-
ing a static magnetic field, which effectively increases the residence
time of electrons in the vicinity of the cathode target surface.1,3 In
the planar magnetron sputter configuration, the confining magnetic
field is provided by concentrically placing a central magnet and an

outer edge magnet, with antiparallel magnetization, behind the
cathode target. The electron confinement results in a dense plasma
that provides ions to the sputter process. This is apparent in the
discharge operation, since, in the presence of such a confining mag-
netic field, the discharge voltage and the working gas pressure are
lower, making the discharge more energy-efficient and the deposi-
tion rate substantially higher, compared to the nonmagnetized dc
diode sputtering process.1,4 The magnetron sputtering discharge
exists in a number of configurations, and various waveforms are
applied to drive the discharges in order to be suitable for a range of
diverse applications.1,5,6
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When the magnetron sputtering discharge is driven by high
power unipolar pulses of low repetition frequency and low duty
cycle, it is referred to as a high power impulse magnetron sputter-
ing (HiPIMS) discharge.1,7,8 HiPIMS delivers high degree of ioniza-
tion of the sputtered material to the deposition process9–11 while
being compatible with existing magnetron sputtering deposition
systems. As a consequence, in HiPIMS deposition, the flux of sput-
tered species, i.e., the film-forming material, is composed of both
ion and neutral species. In an HiPIMS discharge with a titanium
target, the ionized density fraction of the sputtered material has
been shown to be higher than 90%.12 The increased ionization of
the sputtered species translates into a higher ionized flux fraction.10

The higher ionized flux fraction leads to superior properties of the
deposited films,13 which are realized, in particular, due to improved
crystallinity and enhanced film mass density.14 Additionally, the
increased ionization of the sputtered species can improve coating
uniformity when depositing on complex surfaces and the unifor-
mity of the coating is often of utmost importance. As an example,
it has been demonstrated that titanium films deposited by HiPIMS
on the inner (concave) and outer (convex) surfaces of a bowl-
shaped workpiece exhibited better uniformity in terms of crystal
texture, microhardness, and microstructure than that of dc magne-
tron sputtering (dcMS) deposited films.15 Also, it has previously
been shown that nickel films deposited obliquely by HiPIMS depo-
sition exhibit up to 40% better thickness uniformity than dc mag-
netron sputter deposited films under the same tilt angle.16

In general, the spatiotemporal density distribution of neutrals
and ions of the sputtered species are not the same, as has indeed
been observed experimentally in a number of studies.17–21 In par-
ticular, the ions and neutrals of the sputtered species exhibit a dif-
ferent spread as they travel from the target surface toward the
substrate. In this context, the term spread refers to the cone of neu-
trals and ions as they leave the ionization region (IR). The spread
of ions is expected to be larger compared to that of neutrals, as
they have typically larger scattering cross sections and are influ-
enced by electric fields and instabilities22 as well as electric fields
from ionization waves, also known as spokes.23,24 The spokes are
known to become more pronounced for stronger magnetic fields
and higher peak discharge currents.25 Under these conditions, ions
could be subjected to a stronger lateral deflection away from their
initial axial direction that they obtain as neutrals when being sput-
tered from the target, which has indeed been demonstrated by
Panjan et al.26

In the original description of the target material pathways
model of the high power impulse magnetron sputter process,
Christie27 introduced geometrical factors, termed transport param-
eters ξtn and ξti for the target material neutrals and ions, respec-
tively, to underline the fact that only a fraction of the sputtered
target material leaving the ionization region is directed toward the
substrate in magnetron sputter deposition. The spread of the neu-
trals and ions can be different and, therefore, this fraction is differ-
ent for neutrals and ions of the sputtered species. Transport
parameters are defined such that 0 � ξtn � 1 and 0 � ξti � 1, for
neutrals and ions, respectively, where 1 means that all species are
directed toward the substrate. Consequently, the relative
ion-to-neutral transport factor, ξti=ξtn, describes the relative depos-
ited fractions of target material ions and neutrals onto the

substrate. Note that this ratio is termed f �1
Ω in some previous works

(see, e.g., Refs. 28 and 29).
In a recent study, we measured the sideways (lateral, i.e., paral-

lel to the target surface) deposition rate and ionized flux fraction in
a HiPIMS discharge and compared to a dcMS discharge with a tita-
nium target, while the magnetic field strength jBj and the degree of
magnetic balancing were varied.30 This study was performed using
a planar circular magnetron assembly. We found, for both dcMS
and HiPIMS operation, that a significant flux of the film-forming
material is directed perpendicular to the target surface and that the
sideways deposition rate decreases with increasing axial distance
from the target surface. However, it was observed that the sideways
deposition rate is always high in dcMS operation and always found
to be lower for HiPIMS operation. Furthermore, it was found that
there are significantly more ions traveling laterally in the HiPIMS
discharge. A comparison of the total lateral as well as axial fluxes
across the entire investigated plasma volume between the target
and the substrate position allows us to revise the estimates of lateral
over axial flux fractions for different magnet configurations and
discharge currents. The measurements, therefore, allow us to deter-
mine transport parameters ξtn and ξti and the relative ion-to-
neutral transport factor, ξti=ξtn, and to explore how the determined
parameters vary with magnet configuration and discharge current.

Here, we determine transport parameters ξti and ξtn at the
substrate position for the titanium neutrals and titanium ions,
respectively, in a HiPIMS discharge for various magnet configura-
tions. In Sec. II, we discuss the concept of transport parameters,
how they are defined, and discuss a few examples and values used
in past modeling work and experimental analysis. The experimental
apparatus and method are discussed in Sec. III. In Sec. IV, we
discuss the results of the findings and some implications. The find-
ings are summarized in Sec. V.

II. TRANSPORT PARAMETERS

Transport parameters depend on the geometry of the sputter
system, the magnetic field configuration, the discharge current, and
the size of the areas where the flux parameters, the deposition rate,
and the ionized flux fraction, are determined. For the concept of
transport parameters, the area for both the deposition and loss of
film-forming species has to be defined. Transport parameters are
the probability that a certain species leaving the ionization region
deposits onto the substrate. For HiPIMS operation, this ratio needs
to be determined for both ions and neutral species.

To better understand the concept of transport parameters, let
us look at a few examples. For a half-sphere substrate that covers
the whole diffusion region, we have ξtn ¼ ξti ¼ 1, and, therefore,
the ratio is ξti=ξtn ¼ 1. Similarly, if the ions exhibit the same spread
as the neutral atoms, then the ratio ξti=ξtn ¼ 1 at all locations
within the diffusion region. However, if the ions are generally
deflected more sideways (away from the central axis) than the sput-
tered neutral flux, then the ratio ξti=ξtn depends on the position:
close to the central axis ξti=ξtn , 1, and at positions sufficiently far
away from the axis, ξti=ξtn . 1. On the contrary, if the ions are
deflected toward the axis these two inequalities become reversed.
As a consequence of these examples, we should not expect the
same ratios ξti=ξtn at two different locations: above the center of
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the target or above racetrack. Please note that transport parameters
ξti and ξtn are not global parameters, such as the internal discharge
parameters ionization probability αt and back-attraction probability
βt,

24 but depend on both the substrate size and orientation as
follows.

Here, we define transport parameters to an imagined or
virtual substrate, circular with the same diameter as the target, and
placed facing the target, parallel to the target surface, located at
some distance from the target surface. We regard this as a “typical
substrate” and use the notations ξsubti for transport parameters for

ions of the target material, and ξsubtn for transport parameters for
neutrals of the target material. For large substrates, such as this
“typical substrate,” transport parameters are averages over the sub-
strate area. The volume of interest between the target surface and
the imagined substrate is a cylinder. In this case, the area of the
sidewall of a cylinder is denoted Asidewall and the area of the end of
the cylinder (i.e., of the substrate) is denoted Asub. A transport
parameter for neutral titanium atoms ξtn is then defined as

ξsubtn ¼ neutral flux onto Asub

neutral flux onto Asub þ neutral flux onto Asidewall

and a transport parameter for titanium ions ξti is defined by

ξsubti ¼ ion flux onto Asub

ion flux onto Asub þ ion flux onto Asidewall
:

Note that for a cylinder Asidewall=Asub ¼ 2(Z=R), where Z is the
length and R is the radius of the cylinder.

In their extension of the target material pathway model, Vlček
and Burcalová31 used two different values for the relative ion-to-
neutral transport factor ξti=ξtn ¼ 0:5 and 1.0. In an earlier study,
we related the measured quantities, the deposition rate, and ionized
flux fraction, to the ionization probability αt and the back-
attraction probability of the sputtered species βt,

11 where the ratio
ξti=ξtn was assumed to be one. Later, we revised the original analyt-
ical model11 by including the ratio of transport parameters for ions
and neutrals, which we assumed to have a value of ξti=ξtn ¼ 0:5.24

In the ionization region model (IRM), we have also assumed a
value of ξti=ξtn ¼ 0:5.24,28 This value was estimated based on mea-
surements by Britun et al.18 and this assumption was grounded on
assuming different scatter cones for neutrals and ions in the dis-
charge.24,28 Note that the ion-to-neutral transport parameter ratio
used in the IRM is not necessarily the same as for a typical sub-
strate. The IRM code calculates the fluxes in and out of the IR in
the target vicinity and the length of the cylinder is typically 2–4 cm
and does generally not include the substrate region located in the
diffusion region. Furthermore, in the IRM, the deposition on the
end plate is assumed to be uniform and often the flux parameters
are determined by a quartz crystal microbalance (QCM) in one
particular location.

III. EXPERIMENTAL APPARATUS AND METHOD

The experiments were performed in a custom-built cylindrical
vacuum chamber (height 50 cm and diameter 45 cm) made of
stainless steel. A base pressure of 4� 10�6 Pa was achieved using a

turbomolecular pump backed by a roughing pump. The working
gas pressure was maintained at 1 Pa by injecting 50 sccm argon
into the chamber and adjusting a butterfly valve located between
the chamber and the turbomolecular pump. The deposition system
was equipped with a circular 4 in. diameter VTec magnetron
assembly (Gencoa, Liverpool, UK) with titanium target, which
along with a probe holder was mounted on movable bellows.
Therefore, it was possible to perform lateral as well as axial scans
with high precision. A schematic of the magnetron sputtering
system, including the magnetron assembly and a probe holder, is
shown in Fig. 1. A detailed description of the experimental setup is
given elsewhere.11,30

The absolute magnetic field strength jBj and the degree of
magnetic balancing in the vicinity of the cathode target were varied
by independently displacing the center magnet (C) and the outer
ring magnet at the target edge (E) using two micrometer screws
located on the outer side of the magnetron assembly. The various
configurations are referred to by using the displacement (in milli-
meters) of each magnet from the back of the target. Therefore, the
notation C0E0 refers to a magnet configuration where the center
and outer magnets touch the backing plate (zero displacement, i.e.,
the strongest magnetic field above the target).

The axial and the sideways deposition rate and ionized flux
fraction were determined for seven different magnet arrangements
or magnet configurations.11,30 Table I shows the magnet configura-
tions and related HiPIMS discharge parameters that were deter-
mined experimentally. The pulse length was 100 μs, and the
average power was maintained at 300W for all the magnet

FIG. 1. Schematic of the magnetron sputtering system. The magnetron assem-
bly and the probe holder with the m-QCM (ion meter) are mounted on movable
bellows that can be controlled with millimeter precision. The red arrows indicate
linear motion, and the dashed rectangle displays the limits of the investigated
(cylindrical) volume. The green arrows show the position and direction of mea-
surements using the ion meter. The absolute magnetic field strength jBj as well
as the geometry of the magnetic field (degree of balancing) above the magne-
tron target can be varied by displacing the center magnet (C) and the outer ring
magnet at the target edge (E) using two micrometer screws located on the
outer side of the magnetron assembly.
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configurations studied, by varying the repetition frequency, while
the discharge voltage was maintained at 625 V. We term this
approach, to maintain constant average power while the magnet
configuration is varied, fixed voltage mode. When varying the
magnet configuration while maintaining fixed discharge voltage the
discharge current varies greatly. The choice of operating mode and
its influence on the flux parameters have been explored in a recent
study.32 Please note that Table I shows variations in three parame-
ters, Br,rt, znull, and ID,peak. This limits our possibilities to pinpoint
the physical reason for observed variations in transport parameters.
For a practical example, Table I shows that the C0E0 configuration
has both the strongest magnetic field and the highest discharge
current. We will see below that the ion transport parameter for this
configuration is among the lowest—but we cannot from the data
available disentangle whether the basic physical reason is the strong
magnetic field or the high discharge current.

An ion meter (or gridless quartz crystal-microbalance
(QCM)/m-QCM) was used to determine the flux parameters.
The gridless ion meter consists of magnetic shielding, a
grounded casing, and a QCM sensor, which can be biased to
achieve charge selectivity. The device is described in detail by
Kubart et al.9 The ion meter gives either the deposition rate
from ions and neutrals or from neutrals only by varying a
voltage applied to the biased top QCM electrode, allowing for
fast (roughly 1 min) determination of the ionized fraction of the
material flux to the sensor head. The magnetron assembly and
the probe holder, with the m-QCM attached, were mounted on
movable bellows controlled with millimeter precision, as shown
in Fig. 1. It was possible to perform the measurement at various
locations within the discharge chamber, both with the m-QCM
(ion meter) facing the target surface and placing it perpendicular
to the target surface.

For this current analysis, the lateral flux, parallel to the target
surface, was recorded at three locations (r, z) ¼ (50, 30) mm,
(r, z) ¼ (50, 50) mm, and (r, z) ¼ (50, 70) mm. The axial flux was
recorded 70 mm from the target surface over the center
((r, z) ¼ (0, 70)), racetrack ((r, z) ¼ (25, 70)), and the edge of the
target ((r, z) ¼ (50, 70)) as well as 30 mm from the target surface

over the center ((r, z) ¼ (0, 30)), racetrack ((r, z) ¼ (25, 30)), and
the edge of the target ((r, z) ¼ (50, 30)).

The deposition rates due to neutrals and ions of the sputtered
species were determined at the three locations on the end surface
and the sidewall of the cylinder. These flux rates were determined
for both titanium atoms and titanium ions. In the first step, the
local measurements were linearly fitted and integrated over the
whole region of interest. The axial deposition rate due to neutrals
(onto a virtual substrate) was calculated by

Rsub
tn ¼ 2π

ðR
0
rRsub

tn (r) dr, (1)

where R is the radius of the virtual substrate and Rsub
tn (r) is a linear

fit through the lateral variation of the local deposition rates of neu-
trals onto the virtual surface Asub. Similarly, the deposition rate due
to ions is

Rsub
ti ¼ 2π

ðR
0
rRsub

ti (r) dr, (2)

where Rsub
ti (r) is a linear fit through the local deposition rates due

to ions onto the virtual surface Asub.
The deposition rate on the lateral walls due to neutrals was

calculated using

Rwall
tn ¼ 2πR

ðZ
0
Rwall

tn (z) dz, (3)

where Rwall
tn (z) is the linear fit to the local deposition rates due to

neutrals on the cylindrical sidewalls and Z is the location of the
end surface, and similarly the deposition rate due to ions on the
sidewalls is

Rwall
ti ¼ 2πR

ðZ
0
Rwall

ti (z) dz, (4)

where Rwall
ti (z) is the linear fit to the local deposition rates due to

ions on the cylindrical sidewalls. Note that to determine the linear
fits for Rwall

ti (z) and Rwall
tn (z), we have linearly extrapolated the

lateral deposition rates down to the cathode target surface. With
decreasing distance to the cathode target surface, the deposition
rate is assumed to increase, and, therefore, the contribution to the
lateral deposition rates onto a virtual wall increases strongly close
to the cathode surface. This extrapolation down to the target
surface creates the biggest uncertainty in determining the transport
parameters.

Transport parameters for neutrals are then calculated as

ξsubtn ¼ Rsub
tn

Rsub
tn þ Rwall

tn
(5)

TABLE I. Operating parameters for running HiPIMS discharges in fixed voltage
mode with 4 in. diameter titanium target. The average discharge power was always
kept at 300 W by varying the pulse frequency, the pulse length was kept at 100 μs.
The magnetic field strength Brt was measured 11 mm above the racetrack, and znull
is the location of the magnetic null point.

Magnet HiPIMS fixed voltage

Notation
Br,rt znull VD ID,peak fpulse

(Gauss) (mm) (V) (A) (Hz)

C0E0 238 66 625 80 54
C5E5 161 59 625 40 97
C10E10 111 52 625 12 450
C5E0 181 53 625 53 80
C10E0 137 43 625 31 134
C0E5 217 70 625 54 76
C0E10 213 74 625 35 115
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and for ions, the transport parameter is calculated as

ξsubti ¼ Rsub
ti

Rsub
ti þ Rwall

ti

: (6)

IV. RESULTS AND DISCUSSION

Figure 2 shows the measured local deposition rates for neutrals
and ions, both axially and laterally, for all the magnet configura-
tions explored. The axial deposition rates due to neutrals at
z ¼ 70 mm generally increase as one moves from the center of the
virtual substrate and towards the edge [Fig. 2(a)], while the axial
ion deposition rates peak over the racetrack [Fig. 2(b)]. The axial
deposition rates for neutrals depend very much on the magnet con-
figuration and are higher when the magnets are further away from

the back of the cathode target (weaker magnetic field), while the
deposition rates for ions show a somewhat different dependence on
magnet configuration. The dependence of the axial deposition rate
on the magnet configuration and the magnetic field strength has
been the subject of earlier studies.11,32 The increased deposition
rate with lower magnetic field strength is well documented and has
been known from the early days of the development of the HiPIMS
technique.33,34 The lateral deposition rate decreases as one moves
away from the target surface location axially—this is true for both
neutrals [Fig. 2(c)] and ions [Fig. 2(d)]. The lateral deposition rates
due to neutrals is highest when the magnets are closest to the back
of the cathode target, while the deposition rates for ions are the
lowest in this case. The data shown in Fig. 2 are used to calculate
the transport parameters for both ions and neutrals following the
procedure described in Sec. III. In Fig. 2, the linear fits to the mea-
sured data are also shown.

FIG. 2. Measured deposition rate for (a) neutrals axially at z ¼ 70 mm, (b) ions axially at z ¼ 70 mm, (c) neutrals laterally at r ¼ 50 mm, and (d) ions laterally at
r ¼ 50 mm.
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Transport parameters are determined by calculating the
ratio of the deposition rate onto a virtual area of the size of the
target located 70 and 30 mm from the target surface to the dep-
osition rate onto the sides of a cylinder that is 70 and 30 mm
long, respectively. 70 mm is the typical substrate distance in this
system and 30 mm is the edge of the IR (see the discussion of
transport parameters in the IRM at the end of Sec. II). The
measured transport parameters for neutral titanium ξtn deter-
mined using Eq. (5) for the various magnet configurations for a
70 mm long cylinder are shown in Fig. 3(a). Transport parame-
ters for neutral titanium atoms ξtn do not vary much with the

magnet configuration and are in the range from 0.27 to 0.38
and have an average value of 0.34 with a standard deviation of
0.04.

Transport parameters for ions ξti calculated using Eq. (6) for a
70 mm long cylinder are shown in Fig. 3(b). It is apparent that
transport parameters for titanium ions ξti vary significantly with
the magnet configuration and/or discharge current. For most of the
magnet configurations, ion transport parameters are smaller than
for the neutrals. Transport parameters for neutral titanium atoms
ξtn for the various magnet configurations and 30 mm long cylinder
are shown in Fig. 4(a) and transport parameters for titanium ions

FIG. 3. Transport parameters for (a) neutral titanium atoms ξtn, and for (b) titanium ions ξti , for the various magnet configurations, determined assuming a 70 mm long cyl-
inder. Note that the magnetic field strength decreases from left to right.

FIG. 4. Transport parameters for (a) neutral titanium atoms ξtn, and for (b) titanium ions ξti , for the various magnet configurations, determined assuming a 30 mm long cyl-
inder. Note that the magnetic field strength decreases from left to right.
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ξti are shown in Fig. 4(b). Transport parameters for both neutral
titanium atoms and titanium ions for a 30 mm long cylinder are
larger than for a 70 mm cylinder. This is because more neutrals
and ions reach the virtual end surface if the cylinder is shorter.
Transport parameters are also calculated using a linear fit to the
measured data in the range 30–70 mm and then assuming that
the lateral transport decreases linearly from the value at 30 mm
to zero at the target surface. We assume that this approach gives
the upper limit on the calculated transport parameters for
both neutrals and ions. This value is indicated by the error bars
in Figs. 3(a) and 3(b) and Figs. 4(a) and 4(b). Our reported
value are calculated assuming a linear fit and extrapolation
with increasing lateral flux closer to the target is the lower limit.
We see that the choice of fitting and extrapolation does, for
most of the cases, not have a significant influence on the overall
results.

Due to the large variation in the transport parameters for
ions seen in Fig. 3(b), the relative ion-to-neutral transport factor
ξti=ξtn varies greatly depending on the magnet configuration and
discharge current, as seen in Fig. 5 for a 70 mm long cylinder. In
Fig. 5, the location of the magnetic null znull is added onto the
graph. We see that the variation in znull follows the variation in
the relative ion-to-neutral transport factor ξti=ξtn, and essentially
ξti, as the magnetic configuration and the discharge current are
varied. Thus, it is clear that the degree of magnetic unbalance has
an influence on the transport parameter for ions and, therefore,
the relative ion-to-neutral transport factor ξti=ξtn. The average
value hξti=ξtni is 0.64 with a standard deviation of 0.25. The ratio
of the transport parameter for titanium ions and neutral titanium
atoms ξti=ξtn for the various magnet configurations, determined
assuming a 30 mm long cylinder is shown in Fig. 6. The average
value is 0.84 with a standard deviation of 0.11. The ratios of the

transport parameters at 30 mm have somewhat higher values than
at 70 mm.

Figure 7 shows transport parameters for titanium ions ξti for a
70 mm long cylinder, versus the location of the magnetic null point
znull. The transport parameter for titanium ions is grouped by cons-
tant zgap ¼ zC þ zE the sum of the two distances of the central and

FIG. 5. Ratio of the transport parameter for titanium ions and the transport
parameter for neutral titanium atoms ξti=ξtn for the various magnet configura-
tions, determined assuming a 70 mm long cylinder. The location of the magnetic
null znull is also shown. Note that the magnetic field strength decreases from left
to right.

FIG. 6. Ratio of the transport parameter for titanium ions and the transport
parameter for neutral titanium atoms ξti=ξtn for the various magnet configura-
tions, determined assuming a 30 mm long cylinder. The location of the magnetic
null znull is also shown. Note that the magnetic field strength decreases from left
to right.

FIG. 7. Transport parameters for titanium ions ξti , for a 70 mm long cylinder, vs
the location of the magnetic null point znull. The transport parameter for titanium
ions is grouped by constant zgap ¼ zC þ zE, which is the sum of the two dis-
tances of the central and the edge magnet from the rear of the target, zC and
zE, respectively.
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the edge magnet from the rear of the target, zC and zE, respectively.
This parameter has been found to be a similarity parameter,
meaning that discharges having equal zgap have similar discharge
properties.35 Here, discharges with equal zgap have approximately
the same peak discharge current.

Despite the limited data set, we see some indication that ξti
increases with increasing znull for a constant value of zgap and/or
ID,peak. This would mean that a more balanced magnetron assembly
delivers more ions onto the substrate rather than expelling them
sideways. We also see from Fig. 7 that for a constant znull, ξti
increases for decreasing values of zgap and/or increasing values for
ID,peak.

A. Implication of the ξti/ξtn on the estimates of the
internal discharge parameters

Earlier, we derived equations for the sputter-rate-normalized
deposition rate Fsput and the ionized flux fraction Fti,flux as func-
tions of the internal discharge parameters ionization probability αt

and back-attraction probability βt.
24 The normalized deposition

rate and the ionized flux fraction are typically determined using an
ion meter that is placed in one particular location. The
sputter-rate-normalized deposition rate is

Fsput ¼ (1� αt)þ ξti
ξtn

� �
αt(1� βt) (7)

and for the special case when ξti ¼ ξtn, this expression reduces to a
reduction in the deposition rate by a factor (1� αtβt), in agreement
with Bradley et al.,36 which we used in our earlier work.11 The
ionized flux fraction at the substrate becomes

Fti,flux ¼ 1þ ξtn
ξti

1� αt

αt(1� βt)

� ��1

(8)

when no additional ionization of the sputtered species occurs in
the diffusion region. A more general equation for the ionized flux
fraction for the sputtered species was derived by Vlček and
Burcalová.31 For the case when ξti ¼ ξtn, Eq. (8) reduces to

Fti,flux ¼ αt(1� βt)
1� αtβt

, (9)

which was used in our earlier work to analyze an experimental
discharge.11

Reformulating Eqs. (7) and (8) yields equations for the ioniza-
tion probability of the sputtered species24

αt ¼ 1� Fsput(1� Fti,flux) (10)

and the ion back-attraction probability of the sputtered species

βt ¼
FsputFti,flux 1� ξtn

ξti

� �
� Fsput þ 1

1� Fsput(1� Fti,flux)
: (11)

Equation (11) can be rearranged to be written in terms of the ion
escape probability

ξti
ξtn

(1� βt) ¼
FsputFti,flux

1� Fsput(1� Fti,flux)
, (12)

where the measured flux parameters are placed on the right hand
side, and the left hand side is the multiplication of the ion escape
probability and the ion-to-neutral transport parameter ratio.
Equations (10) and (11) present a more general form of the equa-
tions for the internal discharge parameters αt and βt than those in
our previous work,11 where we assumed ξti ¼ ξtn.

We see that the ionization probability given by Eq. (10) does
not depend on the transport parameters. This leaves the back-
attraction probability βt as the parameter of interest and to be
explored further. Recall that the high back-attraction probability is
the main reason for the low deposition rate in HiPIMS operation.27

In our earlier work, when analyzing the experimental discharge, we
determined the ionization probability and the back-attraction prob-
ability assuming ξti ¼ ξtn.

11 As we now have determined ξti=ξtn for
various magnet configurations, we can reanalyze the data. A
parameter of very practical importance, which we focus on here, is
the ion escape probability (1� βt),

37,38 given by Eq. (12). In Fig. 8,
we compare the ion escape probability (1� βt), calculated using
the measured ξti=ξtn determined for the 70 mm case, and shown
in Fig. 5, to the ion escape probability determined assuming
ξti=ξtn ¼ 0:5 and ξti=ξtn ¼ 1:0 onto an ion meter. We note that
assuming ξti=ξtn ¼ 1:0, which is what we assumed in our earlier
study,11 gives the lowest, and rather constant, ion escape probabil-
ity, while using the measured (as well as assuming ξti=ξtn ¼ 0:5)
gives higher ion escape probability for most cases. However, there

FIG. 8. Ion escape probability for the various magnet configurations comparing
the measured ratio of the transport parameter for titanium ions and the transport
parameter for neutral titanium atoms for a typical surface 70 mm away from the
target ξti=ξtn, to assuming ξti=ξtn ¼ 0:5 and ξti=ξtn ¼ 1:0 to the detecting area
of an ion meter.
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is also more variation in the ion escape probability with the magnet
configuration when the measured value is used. Indeed, we note
that the back-attraction probability βt and the location of the mag-
netic null znull follow a similar pattern.

In earlier studies, we have modeled the discharges studied
here using the Ionization Region Model (IRM).24,29,35 Based on
experimental observations by Britun et al.17,18, we have assumed a
value of ξti=ξtn ¼ 0:5 independent of the magnetic field topology,
which should be compared to the 30 mm case as the ionization
region is typically assumed to extend 2–4 cm from the target
surface. The results shown in Fig. 6 indicate that this was a fair esti-
mate on average. However, there are noticeable deviations.

V. CONCLUSIONS

We have determined transport parameters onto a typical sub-
strate for titanium ions and neutrals in an a HiPIMS discharge.
Transport parameters for the neutrals depend only weakly on the
magnetic field configuration, while transport parameters for the
ions depend more strongly on the magnet configuration and dis-
charge current. Consequently, the ratio of the transport parameter
for titanium ions and the transport parameter for neutral titanium
atoms ξti=ξtn varies greatly and appears to be in the range 0.4–1.1.
The lower values of ξti=ξtn are correlated with a lower back-
attraction probability (or higher ion escape probability) and the
scatter in the values with varying magnet configuration leads to
increased variation in the ion escape probability. We find that the
ratio of the transport parameters ξti=ξtn and the back-attraction
probability for ions of the sputtered species βt exhibits a similar
pattern as the location of the magnetic null. A larger sideways
spread, away from a normal target position, can preliminarily be
correlated to the magnetic field strength, the degree of magnetic
unbalance, and the discharge current. However, in the present data
set, these three parameters are correlated in such a way that it is
not possible to disentangle these trends; this will be the subject of
future experimental investigations.
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