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ABSTRACT

The angular dependence of the deposition rates due to ions and neutrals in high-power impulse magnetron sputtering (HiPIMS) discharges
with a titanium target were determined experimentally using a magnetically shielded and charge-selective quartz crystal microbalance (or
ionmeter). These rates have been established as a function of the argon working gas pressure, the peak discharge current density, and the
pulse length. For all explored cases, the total deposition rate exhibits a heart-shaped profile and the ionized flux fraction peaks on the dis-
charge axis normal to the cathode target surface. This heart-shaped pattern is found to be amplified at increasing current densities and
reduced at increased working gas pressures. Furthermore, it is confirmed that a low working gas pressure is beneficial for achieving high
deposition rates and high ionized flux fractions in HiPIMS operation.

© 2023 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/10.1116/6.0002555

I. INTRODUCTION

Physical vapor deposition (PVD) is a class of techniques used
to deposit thin films and coatings in a vacuum system involving a
phase transition of the film-forming material from a solid phase to
a vapor or a plasma state.1 PVD techniques cover a variety of
methods, one of the most versatile and most widely applied being
magnetron sputtering.1,2 In magnetron sputtering, the atoms are
released from a solid target by ion bombardment, a process referred
to as sputtering. The sputtered target atoms enter the discharge
volume as neutrals and often with considerable energy3,4 and
exhibit an angular distribution (emission profile), which depends

on target properties such as composition, history, and surface con-
ditions, as well as energy and type of incident ions.5–8 Knowledge
and control of the angular distribution of the sputtered material is
crucial, since it determines coating uniformity, and is therefore
important for optimizing deposition processes.

The angular distribution of the sputtered flux has been
reported for a number of different metal targets in dc or pulsed dc
magnetron sputtering (dcMS) discharges.9–13 For example, for Ti
atoms sputtered from a circular titanium target in a dc magnetron
sputtering (dcMS) discharge, the angular distribution is observed
to be heart-shaped with a maximum located at an angle of about
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40°.11 Furthermore, Rogov et al.13 explored a range of target materi-
als and point out that the magnitude of the magnetic field and the
degree of magnetic balance all have a rather small influence on the
angular distribution of the neutral flux.

In dcMS discharges, the target metal flux mainly consists of
neutral atoms, and, in the absence of an actual measurement, the
distribution of the film-forming flux can be computed quite accu-
rately by using a line-of-sight approach provided the erosion and
emission profiles are known.14 The latter can be obtained experi-
mentally or by using one of several established analytical or numer-
ical models.15–19 The situation becomes more challenging, however,
when looking at ionized PVD techniques, such as high-power
impulse magnetron sputtering (HiPIMS),20–23 where a significant
fraction of the sputtered atoms becomes ionized. Such an increase
in ionization is generally desired, as it has been shown to lead to
denser films with improved adhesion24–26 as well as improved film
coverage of complex substrates, since the ion energy and direction
can be tailored, e.g., using substrate biasing.27–29 The fraction of
ions in the flux of film-forming species traveling to the substrate is
known as the ionized flux fraction.30 Experimentally determined
ionized flux fractions are typically in the range of 10%–60% and
depend among other things on the target material, working gas
pressure, and discharge current density.31–34 While these experi-
mental efforts have considerably improved the understanding of
HiPIMS discharges, few of them offered angularly resolved
information. Also, numerical predictions are much more diffi-
cult, since a second film-forming population is added and effects
such as ionization and back-attraction, or more generally, inter-
actions of the ions with the electric and magnetic fields, have to
be taken into account.35 Thus, up to this point, the angular dis-
tributions of the total, neutral, and ion fluxes in HiPIMS remain
largely unknown.

Hajihoseini et al. reported on measurements of the ionized
flux fraction and deposition rate in a HiPIMS discharge with a Ti
target along the discharge axis33 as well as perpendicular to the
target surface for different magnet configurations of the magnetron
assembly.36 Franz et al. have performed angularly resolved mea-
surements of ion fluxes by means of an energy-resolved mass spec-
trometer when using reactive HiPIMS to sputter niobium in an
argon–oxygen atmosphere. The measurements were performed tan-
gentially to the racetrack, and no data allowing for a direct compar-
ison with the neutral fluxes were collected.37 There have also been
a few measurements of the spatiotemporal density distribution of
titanium neutrals and ions in HiPIMS discharges.38–42 Both Britun
et al.38 and Pajdarová et al.42 provide laser-based density measure-
ments of the titanium neutral and ion densities and showed that
their spatial and temporal distribution in the target vicinity varies
greatly. It has also been observed that a maximum in the ion
density corresponds to a depletion in the neutral atom density.38,40

However, as pointed out by Butler et al.,30 it is generally not possi-
ble to directly obtain the ionized flux fraction from the densities of
ions and neutrals. Therefore, the angular dependence of the ionized
flux fraction and the ion deposition rate still remain largely
unknown, although this information is desired to optimize the sub-
strate position to enhance film properties as well as to improve the
description of ion and neutral transport when modeling HiPIMS
discharges.30

In this work, we report on the measured angular distribution
of the deposition rate due to ions and neutrals and the ionized flux
fraction in a HiPIMS discharge operated with Ti target. The influ-
ence of working gas pressure and peak discharge current is investi-
gated at two different distances to the target surface and for two
different pulse lengths. The paper is organized as follows: the mea-
surement setup and experimental design are described in Sec. II.
The experimental results are presented and discussed in Secs. III
and IV, respectively. The main findings are summarized in Sec. V.

II. METHODOLOGY

A. Experimental apparatus

The experiments were conducted in a cylindrical stainless steel
deposition chamber of 42.6 cm diameter using a standard AJA
ST20 unbalanced magnetron assembly and a circular Ti target of
5.08 cm diameter, 3 mm thickness, and 99.99% purity. A map of
the magnetic field is provided in Appendix C. The HiPIMS pulses
were supplied by a HiPSTER 1 pulser unit (Ionautics AB, Sweden)
which, in turn, was fed by an MDX 1K Magnetron Drive DC
power supply (Advanced Energy, USA).

Argon of 99.9997% purity was used as a working gas. The
argon gas flow was kept constant at 15 sccm and the working gas
pressure was adjusted before igniting the discharge by partially
closing a gate valve in front of the turbomolecular pump. The base
pressure was kept at or below 2 × 10-4 Pa.

The discharge waveforms were recorded using a PicoScope
4444 20MHz digital oscilloscope directly connected to the respec-
tive probe outputs of the HiPSTER 1 pulser unit. The average dis-
charge power was calculated by averaging the instantaneous power
over 1 s using the waveforms recorded by the PicoScope,

PDh i ¼ 1
t

ðt
0
VD(t

0) ID(t0) dt0, (1)

where VD(t) is the discharge voltage and ID(t) is the discharge
current.

B. Ionized flux fraction measurements

The total and neutral deposition rates were measured using a
gridless QCM sensor (ionmeter), which consists of a magnetic
shielding, a grounded casing, and a QCM sensor, which can be
biased to achieve charge selectivity. The QCM sensor is built into
the grounded casing, leaving an opening for the deposition mea-
surements at the quartz crystal (see also Fig. 1 or the sketch in
Kubart et al.31). When measuring neutral deposition rates, the
whole QCM head can be biased positively to repel the ions. Since
the QCM head is built into the grounded casing, the influence of
the biasing on the discharge is negligible. The magnetic shielding
over the opening hole is produced by permanent magnets held in
place by a magnetic yoke, whose magnetic field does not signifi-
cantly affect the discharge. The operation and design of the ion-
meter are described in more detail by Kubart et al.31

The bias was applied to the ionmeter by an Oltronix C40-08D
DC power supply over a 500Ω resistor and the voltage was fixed at
40 V. The actual bias voltage and the current drawn by the QCM
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were recorded using a Tektronix P2220 voltage probe and a
Chauvin Arnoux C160 current clamp, both connected to the same
PicoScope 4444.

The QCM measurements were used to obtain deposition rates
of the film-forming ions and neutrals, which, in turn, can be used
to determine the ionized flux fraction Fflux according to Butler
et al.,30

Fflux ¼ Rt � Rn

Rt
, (2)

where Rt and Rn are the total deposition rate (sum of neutrals and
ions) and the neutral deposition rate, respectively. To enhance mea-
surement robustness and repeatability, long measurement times of
4–5 min per deposition rate measurement were chosen depending
on the discharge conditions.

C. Experimental design

For each discharge, the total and neutral deposition rates have
been measured at different locations using the ionmeter. The ion-
meter was rotated around the target, the center point of the rotation
being the center of the target surface, as shown in Fig. 1. The dis-
tance from the ionmeter to the target center was, therefore, fixed for
each discharge. Two different distances were investigated in the
present study, representing typical target to substrate distances in
this deposition system. In the first case, the distance was approxi-
mately 5 cm from the top of the (grounded) magnet holder and
about 5.8 cm to the quartz crystal. In the second case, the distance
was increased to 7.8 cm (8.6 cm to the crystal). The 0° point is
defined to be axially above the target center, and the ionmeter was

rotated in steps of 10°. In the case of 5 cm target distance, 11 differ-
ent angles were measured. Once the distance was increased to
7.8 cm, it was possible to rotate the ionmeter further to the side and
measure at 15 angles in total. Therefore, the angles at which mea-
surements were performed spanned the range from −50° up to 50°
(5 cm) and from −70° up to 70° (7.8 cm). As the setup has a symme-
try axis at 0°, opposite angles are expected to give similar results.

The main operating parameters that were varied in this inves-
tigation are the peak discharge current and the working gas pres-
sure. Additionally, the pulse length and the distance from the
ionmeter to the target center were varied. The peak discharge cur-
rents investigated were 10, 17, and 24 A, corresponding to peak dis-
charge current densities of approximately 0.5, 0.8, and 1.2 A/cm2,
respectively. The working gas pressure was varied between 0.3, 0.5,
and 1.0 Pa. The pulse length was fixed at 100 μs for most measure-
ments, but some additional measurements were recorded using a
50 μs pulse width. For all measurements, the average discharge
power hPDi was kept constant at 100W. The average power was
adjusted by tuning the pulse repetition frequency until the power,
as defined by Eq. (1), reached the desired value.

The experiments were divided into three measurement blocks,
between which the vacuum chamber was vented to adjust the
setup. In measurement block I, the full range of peak discharge cur-
rents and working gas pressures was measured while the pulse
length and distance were fixed at 100 μs and 5 cm, respectively.
After the first measurement block was finished, it was found that
the ionmeter top plate had shifted, which deteriorated the quality
of the last measurement. Therefore, the chamber was vented and
the ionmeter assembly fixed. Afterward, in measurement block II, a
repeated measurement was carried out to replace the corresponding
measurement in block I. Additionally, three measurements at 50 μs
pulse width were taken, varying only the working gas pressure and
keeping the peak discharge current constant at 17 A. For measure-
ment block III, the distance between target surface and ionmeter
was increased to 7.8 cm and the pulse width was set to 100 μs. Only
the working gas pressure and peak discharge current were varied,
albeit leaving out the lowest discharge current level of 10 A.

Due to the large number of cases investigated over the course
of the entire study, the target was significantly eroded, amounting
to a total erosion depth of about 2.1 mm. To minimize effects due
to target erosion34 or target and crystal heating, the discharges were
measured in a randomized order within each block. An overview of
the different parameters and their randomization is given in
Table I. The order of the measured angles was again randomized
individually for each set of parameters. The ionmeter bias was
varied sequentially, always first acquiring the total rate (0 V) fol-
lowed by the neutral rate (40 V). During the measurement of one
parameter set, the discharge was never extinguished. Additionally,
vacuum was never broken between measurements belonging to the
same block.

D. dcMS reference measurements

In experiment blocks II and III, reference measurements of
dcMS discharges operated at 100W have been taken in order to
normalize the deposition rate to a reference. The reference mea-
surements were recorded for all angles at a working gas pressure of

FIG. 1. Sketch of the experimental setup and the ionmeter rotation. Also shown
is the limited line of sight (LoS) for the largest (outermost) angles.
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0.3 Pa with a measurement time of two minutes per measurement.
The normalized deposition rate was calculated using

Rnorm ¼ RHiPIMS

RdcMS,0:3Pa,0�
, (3)

where Rnorm is the normalized deposition rate, RHiPIMS is the
HiPIMS deposition rate, and RdcMS,0:3Pa,0� is the dcMS deposition
rate from the reference measurement. RdcMS,0:3Pa,0� is obtained using
the dcMS rates recorded at 0.3 Pa and 0° (along the central axis
normal to the target surface) of the respective measurement block.
All measurements within the same block are, therefore, normalized
by the same dcMS rate. Hence, for the HiPIMS measurements
recorded at 0.3 Pa and 0°, Rnorm is the same as the deposition rate
fraction, which is commonly reported in the HiPIMS literature.24,43

In measurement block I, no dcMS reference measurements
were taken before the ionmeter assembly changed. Therefore, in
order to obtain normalized deposition rates for the first block while
accounting for possible unintended changes to the ionmeter setup,
additional HiPIMS measurements with the parameters from the
first experiment were recorded at three angles. The block I refer-
ence rates were then approximated as the product of the dcMS
rates measured in block II and the average of the ratios between the
three repeated and original HiPIMS measurements.

TABLE I. Order of the investigated parameter combinations. Measurement 9 was
redone and is not reported.

#expr: block dtarget tpulse pg ID, peak JD, peak frep VD

— — ½cm� [μs] ½Pa� ½A� ½A=cm2� ½Hz� ½V�
11 II 5 50 0.3 17 0.84 390 480
10 II 5 50 0.5 17 0.84 364 449
13 II 5 50 1.0 17 0.84 480 374
4 I 5 100 0.3 10 0.49 265 447
3 I 5 100 0.3 17 0.84 170 474
12 II 5 100 0.3 24 1.18 125 494
8 I 5 100 0.5 10 0.49 313 429
1 I 5 100 0.5 17 0.84 170 453
2 I 5 100 0.5 24 1.18 135 461
7 I 5 100 1.0 10 0.49 480 356
5 I 5 100 1.0 17 0.84 290 381
6 I 5 100 1.0 24 1.18 198 393
18 III 7.8 100 0.3 17 0.84 170 477
19 III 7.8 100 0.3 24 1.18 130 488
17 III 7.8 100 0.5 17 0.84 195 446
14 III 7.8 100 0.5 24 1.18 137 459
16 III 7.8 100 1.0 17 0.84 285 376
15 III 7.8 100 1.0 24 1.18 198 387

FIG. 2. Discharge current ID and voltage VD waveforms when the ionmeter is located at −50° and 5 cm distance. The first three subplots show the waveforms of the
HiPIMS discharges with a 100 μs pulse width grouped by working gas pressure: (a) 0.3, (b) 0.5, and (c) 1.0 Pa. The last subplot (d) shows the waveforms for the dis-
charges operated with a 50 μs pulse width at various working gas pressures.
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III. RESULTS

A. Discharge voltage and current waveforms

The waveforms of the discharge voltage and current are dis-
played in Fig. 2 for all the investigated discharge configurations.
Figure 2(a) through (c) are grouped by working gas pressure
(100 μs pulses), whereas Fig. 2(d) shows the investigated 50 μs long
discharge pulses. The reported waveforms were measured with the
ionmeter located at 5 cm from the target center in the −50° posi-
tion, since the interaction between ionmeter and discharge was
found to be the weakest at the outermost points.

The discharge voltages are in the range of �356 to −494 V, as
is also summarized in Table I for each pulse. The voltage pulses are
very stable and hardly vary over the pulse duration. Higher peak dis-
charge currents require higher cathode voltages, while an increase in
working gas pressure significantly decreases the discharge voltage
needed to achieve the desired peak discharge current. Furthermore,
at high working gas pressure, the discharge current decreases faster
after the peak and, hence, is lower toward the end of the pulse. For
lower working gas pressures, the reduction is less significant. For
more details on the discharge current evolution at different HiPIMS
discharge conditions, the interested reader is referred to the work of
Anders et al.,44 which reported the discharge current waveforms for
various target materials, and Lundin et al.,45 which explored among
other things the influence of the working gas pressure on the dis-
charge current waveform. Last, it is seen that the pulses operated
with a pulse length of 50 μs [Fig. 2(d)] are not fundamentally differ-
ent, except that the pulse is cut off earlier.

B. Peak discharge current dependencies

The recorded deposition rates for ions and neutrals for all the
discharge conditions investigated can be found in Figs. 13 and 14
in Appendix A. To facilitate comparison with earlier works on
HiPIMS discharges and also between different cases, we here report
the total normalized deposition rate Rnorm [defined in Eq. (3)] as
well as the ionized flux fraction Fflux [defined in Eq. (2)]. Let us
start by looking at the angular distributions of neutrals and ions for
the discharges operated with 100 μs long pulses measured at 5 cm,
for which Rnorm and Fflux are plotted in Figs. 3 and 4, respectively.
We will investigate the angular dependence of these two quantities
and the influence of the peak discharge current. Several observa-
tions can be made:

(i) The range of ionized flux fractions measured in this work is
in qualitative agreement with other measurements reported
before. For example, Lundin et al.32 measured ionized flux
fractions at 0° in the range 31%–49% when varying the peak
discharge current density JD,peak in the range 0.7–1.0 A/cm2

(corresponding to ID,peak ¼ 14–20 A in their and in the
present setup) in a HiPIMS discharge with titanium target at
0.5 Pa Ar working gas pressure and a pulse length of 100 μs.
At a working gas pressure of 0.5 Pa, we measure ionized flux
fractions in the range 14%–41%, which matches the values
reported by Lundin et al.32 fairly well. Shimizu et al.46 report
an ionized flux fraction at 0° in the range of about 18%–36%
and a deposition rate fraction in the range from 26 % down
to 16 % when varying the peak discharge current density

JD,peak in the range 0.37–1.1 A/cm2 (corresponding to
ID,peak ¼ 7:5–22 A in the present setup) in a HiPIMS dis-
charge with titanium target at 0.3 Pa Ar working gas pressure
and a pulse length of 100 μs. In our case, for 0.3 Pa working
gas pressure, we measure ionized flux fractions in the range
25%–59% at 0°, and deposition rate fractions (equal to Rnorm

in this case) from 31 % down to 12 %, using peak discharge
current densities comparable to those used by Shimizu
et al.46 (0.5–1.2 A/cm2 in our study). The slight differences in
the results may come from differences in the setup: both

FIG. 3. Angular dependence of the normalized deposition rate for 100 μs long
pulses recorded at 5 cm distance, at (a) 0.3, (b) 0.5, and (c) 1.0 Pa working gas
pressure.
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works previously mentioned used different magnetron
assemblies and, hence, had different magnetic field configu-
rations. They also measured the species fluxes at a different
distance from the target, and the position of the 0° point
does not match exactly. Additionally, the peak discharge
current densities do not match exactly, which introduces
some tolerance into the comparison.

(ii) The ionized flux fraction increases with increased peak dis-
charge current. Meanwhile, the deposition rate decreases
with increased peak discharge current as more ions are
attracted back to the cathode target. Both observations are in
line with what is expected and has been reported in earlier
works.35,47,48

(iii) The deposition rate exhibits a heart-shaped pattern, with a local
minimum over the center of the target and maxima between
30° and 46°. Toward the edges, the deposition rate decreases
again. This heart-shaped pattern for the deposition rate has
been observed and reported before for titanium sputtering in a
dcMS discharge13 and is further analyzed in Sec. IV C.
Comparing the shapes of the normalized deposition rates of dis-
charges operated at the same pressure but different peak current
densities hints at an increasing relative importance of the lobes
with increasing peak current. This is supported by the ratios
between the deposition rate maxima and central minima
reported in Table III. A more detailed analysis of the effect of
the peak current on the shape of the ion, neutral and total
fluxes is also given in Sec. IV C.

(iv) The ionized flux fraction shows a little more scatter than the
deposition rate. The increased scatter is not unexpected,
since the uncertainties on the total and neutral rates are com-
pounded when computing the ionized flux fraction. It is nev-
ertheless clear that generally the highest ionized flux fractions
are achieved at 0°, axially above the target center.

C. Working gas pressure dependencies

Plots showing the normalized deposition rate and ionized flux
fraction grouped by peak discharge current can be found in Figs. 5
and 6, respectively. We note the following general trends:

(i) Low working gas pressures are beneficial in terms of a higher
ionized flux fraction and in most cases a higher deposition
rate. This observation holds for all angles and the effect is
very pronounced. For example, at 0° and ID,peak = 24 A, the
ionized flux fraction is increased from 34% to 59% while the
normalized deposition rate stays constant at 12% when
decreasing the pressure from 1.0 to 0.3 Pa. For 10 A at 0°,
Fflux and Rnorm increase from 13 % to 25 % and 22 % to 31 %,
respectively, for the same reduction in working gas pressure.
In most measurements, the increase of Rnorm is even stronger

FIG. 4. Angular dependence of the ionized flux fraction for 100 μs long pulses
recorded at 5 cm distance, at (a) 0.3, (b) 0.5, and (c) 1.0 Pa working gas
pressure.

TABLE II. Calculated transport parameters including the reported values for the
C0E0 magnet configuration by Hajihoseini et al.

# expr. ξti,3cm ξtn,3cm
ξti,3cm
ξtn,3cm ξti, 7cm ξtn, 7cm

ξti,7cm
ξtn,7cm

14 0.76 0.83 0.91 0.31 0.36 0.85
15 0.75 0.79 0.95 0.31 0.33 0.95
16 0.76 0.79 0.96 0.32 0.33 0.99
17 0.76 0.83 0.91 0.32 0.35 0.91
18 0.75 0.86 0.88 0.30 0.37 0.80
19 0.75 0.87 0.87 0.29 0.39 0.76
C0E0 in Ref. 58 0.61 0.76 0.8 0.16 0.3 0.52

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 41(3) May/Jun 2023; doi: 10.1116/6.0002555 41, 033009-6

© Author(s) 2023

 22 M
ay 2024 13:21:17

https://avs.scitation.org/journal/jva


for angles further away from the center. Indications of this
dependency have been reported earlier for Ti,32 where an
increase of Fflux of about 10 percentage points was recorded
for different discharge current densities when decreasing the
working gas pressure from 2.0 to 0.5 Pa. However, in compari-
son, the present data set provides a much firmer foundation,
making the observation very reliable. Furthermore, these find-
ings confirm previous reports that suggested using as low
working gas pressures as possible for optimizing the HiPIMS
deposition process.35,49 Only the measurements made at 0.3 Pa

and 24A do not fit the deposition rate trend, but since the
normalized deposition rates of different measurement blocks
only allow for a qualitative comparison, this might not be a
real effect and no definitive conclusion can be made.

(ii) The deposition rate maxima are more distinct at low working
gas pressures. When increasing the working gas pressure, the
relative strength of the peak compared to the 0° point is
reduced. For instance, at 17 A peak discharge current and
0.3 Pa working gas pressure, the normalized deposition rate
is 20 % at 0° and 40 % at the maximum, corresponding to an

FIG. 5. Angular dependence of the normalized deposition rate for 100 μs long
pulses recorded at 5 cm distance, at (a) 10, (b) 17, and (c) 24 A peak discharge
current.

FIG. 6. Angular dependence of the ionized flux fraction for 100 μs long pulses
recorded at 5 cm distance, at (a) 10, (b) 17, and (c) 24 A peak discharge
current.
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increase of 20 percentage points. At 1.0 Pa working gas pres-
sure and the same peak current, the normalized deposition
rate increases from 19 % to 31 %, which is only 12 percentage
points. This effect is a result of the reduced mean free path at
high pressures, which leads to more collisions and scattering
of the species and subsequently a more uniform distribu-
tion.50 The mean free path for elastic Ti–Ar collisions can be
estimated as follows:

λ ¼ kBTgffiffiffi
2

p
π(rAr þ rTi)

2pg
, (4)

where Tg is the working gas temperature, rAr and rTi are the
kinetic radii of Ar and Ti, respectively, and kB is the
Boltzmann constant. Using Tg = 500 K, rAr = 169 pm
(Ref. 51) (see also Kunze et al.52) and rTi = 200 pm,53 we
obtain a mean free path of 3.8 cm in the case of 0.3 Pa
working gas pressure and 1.1 cm in the case of 1.0 Pa
working gas pressure. Therefore, we can conclude that at low
working gas pressure, still many (e�d=λ ¼ 27%) particles
arrive at the point of measurement 5 cm away without being
scattered, while in the case of high working gas pressure
most (�99%), particles have experienced one or more colli-
sions before arriving at the ionmeter.

Deposition rates and ionized flux fractions for the investigated
discharges with 50 μs pulse length are shown in Fig. 7. These plots
confirm the trends seen for the longer pulses that low working gas
pressures enhance the deposition rate as well as the ionized flux
fraction. At 0°, when decreasing the working gas pressure from 1.0
to 0.3 Pa, the ionized flux fraction rises nine percentage points
from 34% to 43% while the deposition rate is increased by eight
percentage points from 15% to 23%. As observed for the longer
pulses as well, in all cases the deposition rate is heart-shaped.
Furthermore, it is very clear that the highest ionized flux fraction is
achieved in the center axially below the target. Comparing the
results for tpulse ¼ 50 μs with those for tpulse ¼ 100 μs, it is apparent
that there is always an increase in the ionized flux fraction when
decreasing the pulse length while maintaining the same peak dis-
charge current density. For instance, at 0°, the increase in Fflux is
four percentage points (0.3 Pa), 13 percentage points (0.5 Pa), or 15
percentage points (1.0 Pa) while the increase at other angles is of
similar magnitude. The trend between long and short pulses is less
clear for the deposition rate. At 0.3 and 0.5 Pa working gas pres-
sure, the longer pulses have a lower deposition rate near the center,
but a higher deposition rate at outer angles (*25°). At 1.0 Pa, the
deposition rate is always lower for shorter pulses. Furthermore, the
heart-shaped pattern is more pronounced in the 100 μs long pulses.
This can be seen quantitatively in Table III as well as in Fig. 11,
where the sidelobes are larger (relative to the 0° point) for the
longer pulse length.

In earlier experimental and theoretical studies,46,54 the authors
have seen an almost constant or, depending on peak current
density, slightly decreasing or increasing ionized flux fraction, and
an increase in deposition rate when reducing the pulse length down
to 50 μs46 and 40 μs54 for a 152.4 mm, respectively, 101.6 mm diam-
eter Ti target. In both cases, it was explained by a decrease in the

average ion back-attraction probability. The reason for this was that
ions present in the ionization region after the pulse are not sub-
jected to back-attracting electric fields from the cathode anymore,
while, at the same time, the relative contribution of ions (and neu-
trals) to the deposition rate from the afterglow increases. At the
same time, a slightly decreasing metal ionization probability with
shorter pulses was found when modeling those discharges,49,54

although the net effect was a close-to-constant ionized flux fraction.
Here, we see a strongly increasing ionized flux fraction with shorter
pulses. This suggests a much stronger reduction in the average ion
back-attraction with shorter pulses, while we believe that the
change in metal ionization probability may be small when operat-
ing at constant peak discharge current. This would yield a higher
ionized flux fraction and limited change in deposition rate with
shorter pulses, which corresponds to the experimental observation.
The reason for the slightly different behavior of this discharge with
the earlier studies remains a matter of further investigation.

The measurement results for the six discharges which were
investigated at a distance of 7.8 cm to the target are plotted in
Figs. 8 and 9. At the longer distance, it was possible to extend the
measurements to even larger angles (up to ±70°), so two more mea-
surements at each side were taken. As also observed in the other
cases, the deposition rate exhibits a heart-shaped pattern, while the

FIG. 7. Angular dependence of the (a) normalized deposition rate and
(b) ionized flux fraction for the discharges with 50 μs pulse length, which were
all operated at 17 A peak discharge current (corresponding to 0.84 A/cm2).

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 41(3) May/Jun 2023; doi: 10.1116/6.0002555 41, 033009-8

© Author(s) 2023

 22 M
ay 2024 13:21:17

https://avs.scitation.org/journal/jva


ionized flux fraction peaks along the discharge axis. The results fur-
thermore confirm the observations on the effect of low working gas
pressures. In the case of 17 A peak discharge current, the ionized
flux fraction at 0° increases from 22 % to 43 % and the normalized
deposition rate from 13 % to 21 % when the working gas pressure
is reduced from 1.0 to 0.3 Pa, which matches the measurements
taken at 5 cm very well (increase from 19 % to 40 % for Fflux and
from 19 % to 20 % for Rnorm). Moreover, the deposition rate is
again more uniform at higher working gas pressures (in the case of
24 A: reduction from 28 % (30°) to 17 % (0°) for 0.3 Pa and from
13 % to 10 % for 1.0 Pa), again due to the reduced mean free path.
Overall, the results recorded at the two different distances match
sufficiently well to confirm all observations noted before.

With the additional measured angles at the sides, two more
observations about the angular dependence of the deposition rate
can be made. First, the deposition rate decreases continuously after
peaking between 30° and 46° and falls off rapidly at ±60° and
beyond. It is furthermore seen that the ionized flux fraction
increases significantly at the highest angles investigated. It is such a
strong increase that at the very outermost points, ionized flux frac-
tions of over 70 % have been measured. The reason is found in
Fig. 14 in Appendix A, where the neutral deposition rate decreases
much faster to the sides than the ion deposition rate.

IV. DISCUSSION

A. Comparison to laser-based measurements

The here-reported angular dependence of the deposition rate at
various process conditions all exhibit a heart-shaped profile, which
typically peaks at an angle between 30° and 46° with respect to the
cathode target normal, while the corresponding ionized flux fraction
peaks at 0°. Comparisons of these results to the literature are difficult
due to the lack of data, although we have seen in Sec. III B that values
taken at 0°, axially above the target center, at different peak current
densities agree well with other works. It is, furthermore, possible to
make a comparison to spatially resolved laser-based density measure-
ments of the neutral and ion densities.38–41 Such comparisons are
only qualitative, though, since it is generally not possible to directly
obtain the ionized flux fraction from the ionized density fraction.30

Hnilica et al.40,41 used laser-induced fluorescence in combination
with atomic absorption spectroscopy to study Ti-HiPIMS discharges
at different peak discharge current densities (0.6–1.7 A/cm2) and
working gas pressures (0.7 and 2.7 Pa). Similar measurements have
earlier been carried out by Britun et al.38,39 Generally, the Ti atoms
are seen to form two density maxima in front of the target racetrack,
which then merges over the middle of the racetrack roughly 30 μs into
the pulse.40 Such initial high-density regions of Ti atoms off-axis are

FIG. 8. Angular dependence of the normalized deposition rate for100 μs long
pulses recorded at 7.8 cm distance, at (a) 17 and (b) 24 A peak discharge
current.

FIG. 9. Angular dependence of the ionized flux fraction for 100 μs long pulses
recorded at 7.8 cm distance, at (a) 17 and (b) 24 A peak discharge current.
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likely the reason for the here-observed heart-shaped profiles of Ti
atoms seen in Figs. 12 and 13, since little ionization of sputtered Ti
occurs during the early stage of the HiPIMS pulse due to low dis-
charge currents.55 At low working gas pressures, the Ti atoms will
travel toward the substrate largely unhindered (few collisions), as dis-
cussed in Sec. III C, and thereby preserve their original distribution
seen in the vicinity of the target. Furthermore, from the laser-based
measurements, it is also seen that ionization of sputtered Ti increases
significantly during the later stages of the discharge pulse, as the dis-
charge current increases.40 This leads to the formation of highly dense
regions of Tiþ ions in the close vicinity above the target racetrack,40,42

although the ion density distribution becomes more homogeneous
beyond a few centimeters from the target.40 In our angular measure-
ments of Tiþ ions seen in Figs. 12 and 13, we do observe tendencies
of heart-shaped profiles, but they are certainly not as pronounced as
for the Ti neutrals, hence giving rise to the observed central peaks in
Fflux reported in Figs. 3–9. Our measurements are carried out at
typical substrate positions several centimeters away from the target
and, therefore, should be subjected to a spatially more homogeneous
Tiþ ion flux, as indicated by the laser-based measurements.

B. Transport parameters

For precise experimental description and computational mod-
eling of HiPIMS discharges, geometrical factors, or transport
parameters, are necessary to account for the loss of film-forming
species to the chamber walls.30,56,57 To that end, Christie43 intro-
duced the transport parameter ξ, that Vlček and Burcalová56 later
split into separate transport parameters for neutral and ion species,
ξtn and ξti, respectively. The parameters relate the particle flux onto
the substrate to the total sputtered particle flux. The transport
parameter for each species is defined as the ratio of species arriving
at the substrate over the total sputter rate (i.e., deposition rate at
substrate plus chamber walls),

ξtx ¼
Rsub
tx

Rsub
tx þ Rwall

tx
, (5)

where ξtx is the transport parameter for species x (ions or neutrals),
Rsub is the deposition rate onto the substrate, and Rwall is the depo-
sition rate going anywhere but the substrate. Hence, the transport
parameters for each type of species are defined such that
0 � ξtx � 1. Recently, Hajihoseini et al.58 used data from measure-
ments of the deposition rate for both ions and neutrals, axially33

and laterally,36 to calculate transport parameters describing the ion
and neutral spread in a HiPIMS discharge with Ti target. In the fol-
lowing, we will compare their findings to the current results by cal-
culating the transport parameters as defined by Hajihoseini et al.
They define a “typical” substrate of the same diameter as the target
(which in their case had a diameter of 10 cm) located 3 or 7 cm
axially above the target surface.

Using our measurements, it is possible to define the same
virtual substrate and to calculate the same transport parameters.
When transferring the definition used by Hajihoseini et al.58 to the
present setup, the typical substrate is a disk of 5 cm diameter
located either 3 cm or 7 cm axially above the target surface.
The typical substrate then covers all measurement angles from

α ¼ �59� to α ¼ þ59� (3 cm distance) or from α ¼ �36� to
α ¼ þ36� (7 cm distance). The deposition rate onto the typical
substrate can, therefore, be calculated as

Rsub ¼
ð2π
0

ðα
0
r2sin(ϑ)Favg(ϑ)dϑdf, (6)

where Favg(ϑ) is the average rate of the two measurements at +ϑ,

Favg(ϑ) ¼ F(ϑ)þ F(�ϑ)
2

: (7)

Using the average in this way is equivalent to integrating each mea-
surement individually over a quarter sphere. Strictly speaking, F is
a rate “density” averaged over the QCM measurement area:
F ¼ RQCM=AQCM, but the normalization by AQCM cancels out
eventually.

Overall, for both ions and neutrals, the rate onto the substrate
and the walls becomes

Rsub ¼ 2πR2
ðα
0
sin(ϑ)

F(ϑ)þ F(�ϑ)
2

dϑ, (8)

Rwall ¼ 2πR2
ðπ=2
α

sin(ϑ)
F(ϑ)þ F(�ϑ)

2
dϑ, (9)

where R is the measurement distance from target surface to ion-
meter. The integration was performed using the trapezoidal rule.
Furthermore, the deposition rate was extrapolated to zero at ±80°,
supported by our discussion on deposition rate fits in Sec. IV C.
The results are shown in Table II for the experiments 14–19 (see

TABLE III. Ratio of maximum deposition rate to rate at 0° for ions and neutrals.
The peak of the neutral rate is generally more distinct than the peak of the ion rate.

pg ID, peak JD, peak tpulse dtarget max (Rn)=Rn,0� max (Ri)=Ri,0�

½Pa� ½A� ½A=cm2� [μs] ½cm� — —

0.3 17 0.84 50 5 1.75 1.22
0.5 17 0.84 50 5 1.62 1.29
1.0 17 0.84 50 5 1.51 1.25
0.3 10 0.49 100 5 2.16 1.10
0.3 17 0.84 100 5 2.46 1.40
0.3 24 1.18 100 5 2.72 1.58
0.5 10 0.49 100 5 1.96 1.54
0.5 17 0.84 100 5 2.45 2.29
0.5 24 1.18 100 5 2.85 2.26
1.0 10 0.49 100 5 1.64 1.53
1.0 17 0.84 100 5 1.68 1.78
1.0 24 1.18 100 5 2.26 1.25
0.3 17 0.84 100 7.8 1.83 1.15
0.3 24 1.18 100 7.8 1.90 1.32
0.5 17 0.84 100 7.8 1.48 1.09
0.5 24 1.18 100 7.8 1.60 1.45
1.0 17 0.84 100 7.8 1.35 1.41
1.0 24 1.18 100 7.8 1.25 1.35
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Table I for experimental details). These are the experiments with
additional measurement points at the sides—deposition rates are
plotted in Fig. 14.

In order to make a fair comparison, we first need to identify rea-
sonably similar experimental conditions. The experiments reported
by Hajihoseini et al.58 were taken at different conditions: 10 cm target
diameter, average power hPDi ¼ 300W, working gas pressure of
1.0 Pa, 100 μs long pulse, and varying discharge current density JD(t).
For comparison, we take the strongest magnet configuration C0E0, in
which case the peak discharge current density was 1 A/cm2. Hence,
the conditions in experiments 15 and 16 in this work are very close
to the discharges investigated by Hajihoseini et al.58 Despite differ-
ences in both size and design of the used magnetron assemblies, the
values are generally in good agreement with those obtained by
Hajihoseini et al. However, it can be noted that the ion transport
parameter is larger in the present measurements, especially for the
substrate located at a distance of 7 cm from the target.

C. Deposition rate fit

The total deposition rate and the separate deposition rates due
to neutral and ions, respectively, are well approximated by the
empirical formula proposed by Martynenko et al.11

f (θ) ¼ A cosn θ � B cosm θ, (10)

which has been shown to accurately reproduce the angular depen-
dence of the deposition rate in dcMS for a wide variety of target
materials.11,13 In addition to the fitting parameters A, B, n, and m,
an angular shift θ0, such that θ ¼ θmeasured � θ0, has been intro-
duced to account for possible systematic deviations in the measure-
ment angle that are due to the limitations of the experimental
setup.

An illustrative example is shown in Fig. 10, where the angu-
larly resolved dcMS deposition rate measured by Martynenko et al.
is compared to the dcMS reference measurement performed as part
of this study, as well as the HiPIMS measurements at the same
pressure and at a distance of 7.8 cm from the target center. The
dcMS reference measurement agrees reasonably well with the
approximation provided by Martynenko et al.,11 especially consid-
ering inevitable differences in the discharge conditions and mea-
surement setup. The comparison with the total deposition rate in
the corresponding HiPIMS discharges also illustrates that, while the
maximum is closer to the normal, the total flux in HiPIMS features
more pronounced lobes—a trend that persists in the other low
pressure (pg ⪅ 1:0 Pa) HiPIMS discharges.

Last, the total deposition rates for the two HiPIMS measure-
ments shown in Fig. 10 almost coincide. However, it should be
noted that, while typically the change in the distribution of the
total flux is smaller than those of the neutral or ion fluxes when
going from 17 to 24 A, generally there are still significant
differences.

The remaining cases are shown in Appendix B together with a
complete list of fitting parameter values.

In addition to being useful for modeling purposes, these fits
also enable the quantification of the changes in the shape of the
angular distributions when varying the process parameters. The
first row in Fig. 11 shows the relative importance of the lobes for
the total, neutral, and ion distributions as measured by the ratio of
the maximum and central minimum of the deposition rates
Rmax=R0 ¼ max (f (θ))=f (0�), with f (θ) from Eq. (10). As previ-
ously noted in Sec. III B, the lobes increase in size as the peak
current is increased. This is true for all three distributions, however,
the effect is especially strong for the neutrals. There is a clear separa-
tion between the measurements at 7.8 cm and their counterparts at
5 cm, which might be explained by increased scattering due to the
larger distance. Although there are some exceptions, the trend of
decreasing relative strength of the peaks with increasing working gas
pressure already noted in Sec. III C is also shown clearly. Finally, we
can also note that the 50 μs pulse length discharges have considerably
less pronounced lobes compared to the corresponding 100 μs dis-
charges. The second row shows the angles θmax ¼ arg max (f (θ)) at
which the maxima of the different distributions occur. There is again
a clear distinction between the corresponding measurements at 7.8
and 5 cm. In the former case, the peaks are located between 30° and
35° while for the latter the maxima are attained between 38° and 46°.
The expectation value of the emission angle, calculated as

E(θ) ¼
Ð π=2
0 θ f (θ) sin θdθÐ π=2
0 f (θ) sin θdθ

(11)

is displayed in the last row. It incorporates information from the

FIG. 10. Measured and fitted total deposition rates at 7.8 cm and at 0.3 Pa
(dcMS and HiPIMS) compared to the approximation provided by Martynenko
et al.11 The measurement data are scaled such that the fitted deposition rates
are unitary at the vertical axis. The approximation by Martynenko et al. is scaled
to best fit the dcMS measurement.
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entire distribution. As a consequence, the values for the measure-
ments performed at 5 cm are of limited reliability, since the corre-
sponding fits are underdetermined at shallow angles. In general,
we can nevertheless note the relatively small spread. Remarkable
is, however, that for the measurements performed at 7.8 cm, for
which the fits are very accurate, there seems to be almost no
dependence on the peak discharge current. Furthermore, in the
case of the ions, there is also virtually no dependence on the pres-
sure in the explored range.

V. CONCLUSION

We have determined the angular dependence of the deposition
rates for ions and neutrals in a high-power impulse magnetron
sputtering (HiPIMS) discharge with a titanium target. The rates
were determined as the argon working gas pressure, the peak dis-
charge current density, and the pulse length were varied. For all the
cases explored, the total deposition rate exhibits a heart-shaped
profile, while the ionized flux fraction peaks on the central axis
normal to the cathode target surface.

Furthermore, we investigated the influence of the varied
process conditions on the angular distribution of both species.
The heart-shaped pattern becomes more distinct for higher peak
discharge currents and less distinct for increased working gas
pressure. We could also confirm that a low working gas pressure is
beneficial for achieving high deposition rates as well as high ionized
flux fractions. We, furthermore, used the results to compute trans-
port parameters, which are frequently used in computational model-
ing, and to fit the measurement curves to a suitable formula from
the literature. Using both methods, we obtained good results, which
can be used to further improve our understanding of HiPIMS
discharges.
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APPENDIX A: ION AND NEUTRAL DEPOSITION RATES

The recorded normalized deposition rates for ions and neu-
trals for all the discharge conditions investigated are given in
Figs. 12–14. In many cases, it is seen that the deposition rate of
ions peaks off-axis at around 30�–40�. This is in agreement with
laser-based measurements by Britun et al.,38 which were recorded
at working gas pressure 0.7 Pa. At high working gas pressures (2.7
and 10.7 Pa), they also report a third peak evolving axially from the
target center (corresponding to 0° in our measurements), which is
not seen here. The reason is likely that we are operating at a
maximum working gas pressure of 1.0 Pa, as Britun et al. also did
not detect a third peak when operating at 0.67 Pa.

From our measurements, it is also seen that the peaks in
the ion deposition rates are generally weaker than the peaks of
the neutral deposition rates relative to the minimum at 0°.
Table III quantifies that observation by displaying the ratio of
the maximum recorded deposition rate compared to the rate at
0°, for each discharge, both for ions and neutrals. Except for
three measurements (all at 1.0 Pa), the fraction max (Rn)=Rn,0� is
always stronger than the corresponding fraction max (Ri)=Ri,0� .
This has a significant impact on the ionized flux fraction and
is the reason for its peak at the center, which was described in

FIG. 12. Angular distribution of the neutrals (red triangles) and ions (blue circles) for 100 μs long pulses recorded at 5 cm distance.
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Sec. III. As a side note, we believe that these results could be a
guide when performing the known tradeoff of deposition rate vs
ionized flux fraction (sometimes referred to as the HiPIMS com-
promise35) by adjusting the substrate position according to the
requirements of the deposited thin film, although this is out of
scope of the present work.

Finally, it is worth noting that for the data points at angles
larger than ±50° the ionmeter is already partially shadowed by the
ground shield of the magnetron assembly, which is illustrated in
Fig. 1. During those high-angle measurements, we find that the
outer edges of the target racetrack closest to the ionmeter have no
line of sight to the sensor. We, therefore, assume that the rates
recorded during these conditions are a result of particles ejected
from other parts of the racetrack or arrived there through collisions
and scattering.

APPENDIX B: FITTED DEPOSITION RATES

The total, neutral, and ion deposition rate fits for the measure-
ments performed at 5 cm from the target center and a pulse length
of 100 μs are shown in Fig. 15. The fits for the measurements at 5
cm from the target center but at shorter pulse length and the mea-
surements at 7.8 cm are shown in Fig. 16 and Fig. 17, respectively. .
The found values for the fitting parameters are listed in Table IV
together with the adjusted coefficient of determination �R2 to give a
quantification of the goodness of the fits. It should be noted,
however, that the values for the fitting parameters A, B, n, and m
carry little meaning in themselves.

While Eq. (10) is remarkably well suited for approximating
the angular dependence of the measured total and neutral rate, the
quality of the ion deposition rates fits is not as good. The good fits
for the measurements at 7.8 cm (c.f. experiments 14 through 19 in

FIG. 13. Angular distribution of the neutrals (red triangles) and ions (blue circles) for the measurements with 50 μs long pulses and 17 A peak discharge current.

FIG. 14. Angular distribution of the neutrals (red triangles) and ions (blue circles) for 100 μs long pulses recorded at 7.8 cm distance.
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FIG. 15. Angle adjusted measured total, neutral, and ion deposition rates for the measurement series at 5 cm from the target center with 100 μs pulses, fitted according to
Eq. (10). The deposition rates are normalized such that the total deposition rate at 0° is unitary while the relative deposition rate due to neutrals and ions is maintained.
The cases are organized with imcreasing pressure from left to right and increasing peak current from top to bottom. The corresponding experiment numbers together with
the relevant process parameters are shown in the top left corner of each figure.

FIG. 16. Angle adjusted measured total, neutral, and ion deposition rates for the measurement series at 5 cm from the target center with 50 μs pulses, fitted according to
Eq. (10). The deposition rates are normalized such that the total deposition rate at 0° is unitary while the relative deposition rate due to neutrals and ions is maintained.
The cases are organized with increasing pressure from left to right, and the corresponding experiment numbers together with the relevant process parameters are shown
in the top left corner of each figure.
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TABLE IV. Fitting parameter values from Eq. (10) for the total, neutral, and ion deposition rates. The values of θ0 are below 5° for all total and neutral rate fits. The adjusted
coefficients of determination �R

2
(5 degrees of freedom) are also given.

Total Neutral Ion

# expr. A n B m �R2 A n B m �R2 A n B m �R2

1 2.83 0.52 1.83 8.13 0.99 4.91 1.36 3.93 5.14 0.98 2.38 0.50 1.33 9.72 0.64
2 4.05 1.17 3.05 6.30 0.98 4.73 1.26 3.76 6.29 0.99 15.9 2.56 14.8 3.39 0.78
3 20.6 2.35 19.6 2.99 0.96 21.9 2.32 20.9 3.08 0.96 15.2 2.45 14.2 3.00 0.45
4 3.78 1.04 2.78 3.64 0.99 7.54 1.57 6.55 3.07 0.99 2.12 0.50 1.13 1.31 −0.17
5 1.93 0.50 0.93 7.61 0.95 2.76 0.90 1.76 4.11 0.96 2.47 1.51 1.43 9.68 0.26
6 2.20 0.58 1.20 7.71 0.97 3.57 1.15 2.53 5.64 0.94 4.33 0.55 3.36 0.92 −0.18
7 3.74 1.34 2.74 3.23 0.95 9.17 1.61 8.20 2.30 0.97 3.19 0.50 1.90 0.00 0.27
8 2.26 0.50 1.26 5.61 0.93 2.40 0.50 1.42 5.49 0.94 1.45 0.50 0.51 27.3 0.09
10 1.79 0.78 0.79 11.2 0.97 4.01 1.75 3.03 4.48 0.98 1.44 0.75 0.46 38.7 0.90
11 2.68 1.41 1.68 5.77 0.96 13.9 2.61 12.9 3.40 0.98 1.32 0.50 0.32 41.5 0.71
12 4.06 1.59 3.06 5.77 0.98 28.0 3.19 27.0 4.00 0.98 1.82 0.50 0.82 9.18 0.86
13 5.54 2.12 4.54 3.41 0.73 5.69 1.67 4.69 2.83 0.84 7.72 3.18 6.71 4.15 0.66
14 2.03 1.26 1.03 11.0 0.99 2.40 1.67 1.43 10.1 0.99 1.73 0.82 0.68 10.1 0.92
15 1.94 1.22 0.94 6.46 0.97 2.54 1.59 1.55 4.71 0.98 1.55 0.73 0.53 13.3 0.73
16 3.56 1.77 2.56 3.24 0.92 4.85 2.01 3.88 3.12 0.94 4.53 1.53 3.41 2.24 0.73
17 2.28 1.58 1.28 5.94 0.99 3.70 2.16 2.68 5.13 0.99 3.01 1.41 2.02 2.33 0.96
18 2.76 1.72 1.76 7.09 0.99 4.52 2.48 3.49 6.58 0.99 6.66 1.71 5.68 2.31 0.90
19 2.51 1.52 1.51 7.92 0.99 4.10 2.47 3.11 7.70 1.00 3.76 1.47 2.74 2.93 0.96

FIG. 17. Angle adjusted measured total, neutral, and ion deposition rates for the measurement series at 7.8 cm from the target center with 100 μs pulses, fitted according
to Eq. (10). The deposition rates are normalized such that the total deposition rate at 0° is unitary while the relative deposition rate due to neutrals and ions is maintained.
The cases are organized with increasing pressure from left to right and increasing peak current from top to bottom. The corresponding experiment numbers together with
the relevant process parameters are shown in the top left corner of each figure.
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Table IV and Fig. 17) show, however, that this is not because
Eq. (10) is not well suited but rather due to the noisier data in a
consequence of the fact that errors on both the angle and the rate
from the total and neutral deposition rate measurements are com-
pounded in the values for the ion deposition rate.

Furthermore, while overfitting does not seem to be an issue, one
should keep in mind that the number of degrees of freedom, five
including the zero angle offset, is quite high. In the case of the measure-
ments performed at 5 cm, there are no measurement points beyond 60°
and the fit in that region is underdetermined. Therefore, drawing any
conclusions from the fitted rates at these shallow angles, in particular,
with respect to the breadth of the lobes, should be avoided.

APPENDIX C: MAGNETIC FIELD TOPOLOGY

While the effect of the magnetic field topology on the angular
dependence of the ion and neutral fluxes is not investigated in the
presented work, its influence can be expected to be significant, thus
warranting the inclusion of a more detailed description. The AJA
ST20 magnetron assembly used in this study features a cylindrical
center magnet (≃485mT) and 13 cylindrical outer magnets
(≃�370mT) arranged on a circle at r ¼ 25:4mm from the magne-
tron assembly center. A map of the magnetic field, acquired using a
LakeShore MMT-6J04-VH Hall sensor, is shown in Fig. 18. The mag-
netic null point is located at znull ¼ 18mm from the magnetron assem-
bly surface respectively at 15mm from the target surface. At 0.5mm
from the target surface, the highest axial magnetic field is Bz,max ¼
205mT (r ¼ 0mm) and the highest radial field is Br,max ¼ 112 mT
(r ¼ 4:5 mm).
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