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Abstract
The performance of a positively biased external ring anode in combination with a hollow
cathode (HC) discharge or a magnetron sputtering (MS) discharge, both with a Ti cathode and
with Ar as working gas, is investigated. Plasma and floating potential increase as function of
anode voltage. Energy-resolved mass spectrometry reveals that the kinetic energy of argon and
titanium ions is enhanced by a positive anode voltage allowing for an effective energy control
of plasma ions.

Keywords: hollow cathode discharge, magnetron sputtering discharge, positively biased
anode, Langmuir probe diagnostics, energy-resolved ion mass spectrometry
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1. Introduction

The hollow cathode (HC) discharge was accidentally discov-
ered by Bartels and Paschen more than 100 years ago [1]. HC
discharges are widely used in atomic spectroscopy, as UV gen-
erators, and in laser technology [2–4]. HC discharges produce
sputtered particles and can be used for thin film deposition
[5–14]. A typical HC consists of a cylindrical tube which is
either open on both ends or closed on one end. Other con-
figurations, e.g., two planar electrodes in close proximity to
each other are also possible [6, 15]. The discharge is initiated
in so-called high voltage mode at the cathode’s open end and
moves inside the HC once a sufficiently large plasma potential
is established along the tube’s centre. The plasma is sustained
by electrons which are produced inside the HC and undergo a
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pendulum motion between (negatively biased) opposite cath-
ode walls through the (positively charged) cathode centre
[2, 16–20]. An external ring anode to stabilize the HC dis-
charge was implemented by Pribil et al [21, 22].

Magnetron sputtering (MS) discharges are of interest from
a fundamental and an applied point of view [23–28]. MS dis-
charges utilize a magnetic field to enhance the plasma density
in front of a negatively biased cathode. A major application is
deposition of functional films formed by the sputtered material
from the cathode.

Thin-film deposition technology is a large industrial seg-
ment and a multi-billion dollar business. Properties of plasma-
deposited functional films depend on the plasma conditions.
Particular ingredients are plasma composition and the energy
influx into the growing film [29–34]. Much of the energy
influx is provided by impinging energetic ions. Energy con-
trol of impinging ions is thus crucial for film deposition. A
common technique to enhance the incident ion energy is via
substrate-biasing which is not always possible and/or effective,
however. Chodun et al have employed an inverted magnetron
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configuration with a grounded cathode and a positively biased
anode which partly overcomes some of the difficulties associ-
ated with substrate biasing [35, 36]. Anode biasing in a direct
current MS discharge was investigated by Doyle et al [37].
Fontana and Muzart employed the so-called triode MS with
an additional grid anode [38]. A grid-assisted MS system with
a grounded or floating external grid anode was investigated
by Sagas et al [39]. So-called bipolar pulsing during pulsed
MS was implemented recently [40–45]; it is not suited for a
continuous discharge like direct current magnetron sputtering
(DCMS), however.

In the present communication we investigate the influ-
ence of an external anode for energy control of plasma ions.
The external anode is placed at some distance (several cm)
from the cathode. Two discharge configurations are inves-
tigated and compared, i.e., a HC discharge and a DCMS
discharge. Plasma characteristics, in particular, plasma and
floating potential and electron density and temperature as func-
tion of applied anode voltage are investigated by Langmuir
probe diagnostics. Energy-resolved mass spectrometry is used
for an investigation of ion energy distribution functions. As a
major outcome, a positive bias applied to the external anode
increases the plasma potential and enhances the kinetic energy
of positive ions impinging on a substrate.

2. Experiment

Major parts of the experimental set-up have been described
before [46–49]. A HC is mounted inside a vacuum chamber
(diameter 35 cm, height 19 cm) where it replaces a planar
magnetron [50, 51]. The HC is manufactured from a titanium
rod (purity 99.95%) with a length of 40 mm, an outer diame-
ter of 12 mm, and an inner diameter of 5 mm (figure 1). The
HC tube is open on its front end and connected to a water-
cooling jacket (holder) on its back end. Holder and part of the
HC are covered by a ceramic shield with the HC protruding
about 2 cm out off the shield into the free space. The HC tube
is cooled on one end only (figure 1); it thus heats up on the
other (open) end during operation. The nozzle temperature as
monitored with an infrared pyrometer (Micro-Epsilon CTLM-
2HCF3-C3) through a Kodial glass viewport is 1140 K at a gas
flow rate of 120 sccm and a discharge power of 100 W. Argon
gas is admitted to the HC through a ceramic gas pipe connected
to its back end. A gas flow controller with a maximum gas flow
rate of 200 sccm for N2 is employed. Typical argon flow rates
during HC operation are in the range of 40–280 sccm. The
argon pressure is independently controlled by a valve between
vacuum chamber and high vacuum pump. Gas pressure is mea-
sured with a capacitance vacuum gauge. The HC is powered by
a DC power supply (Advanced Energy MDX–500) operated
in current regulation mode with a typical discharge current of
0.5 A and a discharge power of 115 W.

An external ring anode made from a DN 63 CF copper
gasket (inner diameter 63 mm, outer diameter 82 mm, thick-
ness 2 mm) is mounted at a distance of 100 mm from the HC
(figure 1) or from the magnetron’s cathode when replacing the
HC. The ring anode is connected to a power supply. The anode

voltage is independently controlled by two regulated labora-
tory DC voltage supplies (Manson HCS-3204) each with a
maximal output voltage of 60 V.

Alternatively, a commercial (Lesker Torus) planar unbal-
anced magnetron with a titanium target (diameter 50 mm,
thickness 6 mm, purity 99.7%) is employed for DCMS mea-
surements. The magnetron is equipped with an electrically
insulated cathode (target) and a grounded anode connected to
the magnetron case as shown in figures 1(b) and 2(b). Dis-
tances from the cathode are the same as shown in figure 1
for the HC system. In that case, argon gas is admitted to the
vacuum chamber with the help of a gas flow controller with
a maximum gas flow rate of 100 sccm. A typical argon gas
flow rate is 40 sccm during operation of the DCMS discharge.
The magnetron is powered by a DC power supply (Advanced
Energy MDX–500) operated in current regulation mode with
a typical discharge current of 0.4 A and a total discharge power
of 110 W.

Electrical probe diagnostics was carried out with a commer-
cial electrostatic Langmuir probe system (ESPion, Hiden Ana-
lytical, Warrington, England) with a tip diameter of 150 μm
and a tip length of 10 mm. Plasma potential Vp, floating poten-
tial V f , electron density ne, and electron temperature Te are
automatically derived using the built-in ESPionSoft software
[52]. The electron density is obtained from the electron satu-
ration current. We did not use the ion saturation current which
is much smaller compared to the electron saturation current
and, hence, has a considerably smaller signal-to-noise ratio.
Secondly, ions in the present case do not have a well-defined
temperature which is required for a fit of the ion current. The
electron temperature is determined from the second derivative
of the probe characteristics. The probe is mounted on a trans-
lation stage which allows to move the probe in radial direction
above the ring anode. Measurements are carried out at an axial
distance of 10 mm from the ring anode in the direction of the
cathode of either HC or DCMS discharge.

Energy-resolved mass spectrometry was performed with a
commercial Hiden EQP 1000 mass/energy analyzer (Hiden
Analytical Ltd., UK) [48, 49]. The instrument is mounted
opposite to the anode and the HC’s open end at a distance of
120 mm from the anode (figure 1). The entrance orifice is kept
at ground potential.

3. Results and discussion

In the following we report our results for a HC discharge oper-
ated with an Ar gas flow rate of 120 sccm, a discharge pressure
of 1.4 Pa, and a discharge current (power) of 0.5 A (115 W)
and for a DCMS discharge operated with an Ar gas flow rate
of 40 sccm, a discharge pressure of 1.0 Pa, and a discharge
current (power) of 0.4 A (110 W).

3.1. Cathode voltage

The cathode voltage with respect to ground potential as func-
tion of applied anode voltage for a HC and a DCMS dis-
charge is shown in figure 3. Figure 3(a) shows the result
for the HC discharge. The (negative) cathode voltage with

2



Plasma Sources Sci. Technol. 30 (2021) 045003 R Hippler et al

Figure 1. Experimental set-up with (a) hollow cathode and (b) magnetron with insulated cathode and grounded magnetron anode. Also
shown are external ring anode, Langmuir probe, and orifice of EQP analyzer (schematic).

Figure 2. Electrical diagram with external ring anode and (a) HC and (b) magnetron cathode and magnetron anode (schematic).

respect to ground is reduced by the applied anode voltage;
it remains essentially constant when measured relative to the
anode potential, however.

The DCMS discharge shows a more complicated behaviour
(figure 3(b)). There are three regimes which can be distin-
guished. The (negative) cathode voltage relative to ground
shows a weak increase up to an anode voltage of +25 V.
Between +25–55 V the cathode voltage shows a strong
increase by almost 100 V. The increase is accompanied by
a pronounced increase of the current to the external anode.
Simultaneously, the current to the (internal) magnetron anode
decreases. The cathode voltage follows a moderate increase
beyond +55 V which is about equal to the rise of the anode
voltage while the anode currents remain essentially constant.

The behaviour shows that at the beginning (up to +25 V) the
discharge is only weakly influenced by the external anode.
At larger voltages the DCMS discharge becomes controlled
by the external anode. The discharge current to the external
anode strongly increases whereas the current to the internal
(magnetron) anode decreases and changes sign. We would like
to emphasize that the current to the external anode becomes
somewhat larger than the discharge current. The discharge cur-
rent is composed of electron and ion currents current which
flow in different directions. The positive external anode with
increasing anode voltage will attract a larger fraction of elec-
trons from the plasma whereas due to the larger plasma poten-
tial the electron flux to the internal anode and to the grounded
walls will decrease.
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Figure 3. Cathode voltage with respect to ground (◦) and with respect to the external anode (�) versus external anode voltage. (a) HC
discharge, (b) DCMS discharge. Also shown are the currents to the external anode (EA, ×) and to the magnetron anode (MA, �).

3.2. Plasma potential and floating potential

The measured Langmuir probe characteristics are displayed
in figure 4. Measurements have been performed for different
voltages applied to the external ring anode. The floating poten-
tial is derived from the ‘zero-crossing’ of the characteristics.
The zero crossing shifts with applied positive anode voltage to
larger values, i.e., from 0.2 V to 86.0 V at an anode potential
of +0 V and +90 V, respectively (figure 4(a)). The plasma
potential Vp is obtained at the inflection point which is

indicated in figure 4(b) using the zero-crossing of the second
derivative.

Floating and plasma potential as function of anode voltage
for a HC and a DCMS discharge are displayed in figure 5. Both,
floating and plasma potential increase almost linearly with
anode voltage. The plasma potential is essentially equal to the
applied anode voltage in both cases (HC and DCMS) whereas
the floating potential remains somewhat smaller. For the HC
discharge, the potential difference Vp − V f ≈ 4 V except for
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Figure 4. Langmuir probe characteristics for different external anode voltage. (a) HC discharge, (b) DCMS discharge. The plasma potential
Vp obtained from the inflection point is indicated (×).

anode voltages of +0 V and +10 V where Vp − V f ≈ 0.9 V
and 2 V, respectively.

Plasma and floating potential for the DCMS discharge
derived from the probe characteristics are displayed in
figure 5(b). The plasma potential is essentially equal to the
applied anode voltage except at +0 V where Vp = 4.3 V. For

the DCMS discharge, the floating potential compared to the
plasma potential is about 16 V smaller, except for anode volt-
ages of +0 V and +10 V where Vp − V f ≈ 3 V and 6.5 V,
respectively. The potential difference is, hence, much larger
than for the HC discharge and presumably caused by hot
electrons (see below).
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Figure 5. Floating potential (◦) and plasma potential (�) versus external anode voltage for a (a) HC and (b) DCMS discharge. Dashed lines
to guide the eye only.

Figure 6 displays electron density and electron temper-
ature for a HC and a DCMS discharge derived from the
Langmuir probe characteristics. The electron density of the HC
discharge shows a weak increase as function of anode voltage

(figure 6(a)). The increase is of the same order as the expected
error bars. The electron temperature displays a small increase
up to Va = +20 V and then remains approximately constant
up to +90 V with an electron temperature Te ≈ 0.8 eV. We
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Figure 6. (a) Electron density (○) and temperature (�,▲) versus external anode voltage for a (a) HC and (b) DCMS discharge. Dashed
lines to guide the eye only.

can relate the electron temperature to the potential difference
Vp − V f = 5.2Te ≈ 4 V, where the potential is given in volts
and the electron temperature in electron-volts [53], and find an
excellent agreement.

The electron density of the DCMS discharge (figure 6(b)) is
comparatively small up to Va = +10 V which is followed by a
sharp increase from+10 V to +60 V and a plateau at 60–90 V.
The increase coincides with the pronounced increase of the

electrical current to the external anode (figure 3(b)). Figure 7
displays the electron energy probability function (EEPF) as
derived from the second derivative of the probe characteris-
tics. The analysis was carried out using an updated programme
code provided by Kudrna [54]. More details can be found in
a recent paper by Hubicka et al [55]. It turns out that a two-
temperature distribution is required to describe the experimen-
tal results with positive anode bias. A bi-Maxwellian energy
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Figure 7. Electron energy probability function for a DCMS discharge for different anode voltages. Dashed lines indicate contributions from
a bi-Maxwellian energy distribution.

distribution with two (cold and hot) electron temperatures is
employed for the DCMS discharge [59]. The smaller (cold)
temperature amounts to about 1.8 eV while the larger (hot)
temperature sharply increases from Va = +10 V to +60 V and
then remains approximately constant up to +90 V with a hot
electron temperature of about 8.5 eV. It means that we can sig-
nificantly heat up the DCMS plasma by a positive bias on the
external anode. The energy distribution without anode bias is
significantly different. It appears that the EEPF contains two
contributions from spatially different regions with a different
plasma potential. The origin of this difference is not known.
More experimental and theoretical work will be required to
investigate this point in detail.

The appearance of two (hot and cold) electron groups has
been observed before, e.g., for a MS discharge [56, 57], a
so-called HC magnetron discharge, and for a HC discharge
employing a magnetized anode [58, 59]. On the other hand, the
present results for the HC discharge do not show a hot electron
component. We thus attribute this difference to the magnetic
field which is present in magnetron discharges and in the HC
discharge with magnetized anode.

Sheridan et al have shown that the hot electron component
is dominant in the electron trap region near the cathode. Far-
ther away from the cathode, the density of the hot component
strongly decreases [56]. Our results seem to indicate that hot
electrons are pulled away from the cathode by the action of the
positively biased external anode and that their density remains
large outside the trap region.

Electron density and temperature as function of radial dis-
tance from the anode’s center are investigated for the HC

discharge (figure 8). The measured electron density is of the
order of several 1016 m−3 and almost linearly decreases with
distance from the anode’s center. The electron temperature
ranges between 0.6 eV and 0.9 eV; it increases with increas-
ing distance from the center. Plasma and floating potential are
more or less constant. The floating potential shows a slight
tendency to decrease. The difference to the plasma potential
increases which is reflected in the noted temperature increase.
The main result from the Langmuir probe measurements,
hence, is a shift of the plasma potential which approximately
equals the applied anode voltage and a uniform distribution
across the anode ring.

3.3. Ion energy distribution

The investigated ion mass spectra are dominated by
singly-charged Ar+ (m/z = 40), Ti+ (m/z = 48), and
Ar+2 (m/z = 80) and doubly-charged Ar2+ (m/z = 20) and
Ti2+ (m/z = 24) ions, where m and z are mass and charge
number, respectively.

Ion energy distributions of singly-charged Ar+ (m/z = 40),
Ti+ (m/z = 48), and Ar+2 (m/z = 80) ions measured with dif-
ferent anode bias (+10–120 V) are displayed in figure 9 in
figure 10 for a HC discharge and a DCMS discharge, respec-
tively. The measured distributions shift to higher energies with
applied anode voltage. The intensity maximum (peak) of the
distributions occurs at a kinetic energy close to E = e0Va,
where e0 is the elementary charge and Va is the applied anode
voltage.

Ion energy distributions of doubly-charged Ar2+

(m/z = 20) and Ti2+ (m/z = 24) ions are displayed in
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Figure 8. (a) Electron density (◦) and electron temperature (�) for an anode voltage of +60 V and (b) floating potential (◦) and plasma
potential (�) versus distance from the anode’s centre for a HC discharge. Dashed lines to guide the eye only.

figure 11 for a HC discharge. The maximum intensity of the
distributions occurs at a kinetic energy E = 2e0, Va which, as
expected, is twice as large compared to singly-charged ions.

Figure 12 compares ion energy distributions of singly
charged Ar+, Ti+, and Ar+2 and doubly-charged Ar2+

and Ti2+ ions for an anode voltage Va = 60 V. To ease
comparison, all energy distributions are plotted versus reduced
energy Ẽ = E/z, where we divide the kinetic energy E by the

charge number z. For the HC discharge it is noted that the
maxima of all investigated ion species occur at the same
reduced energy Ẽ = 60 eV (figure 12(a)). Deviations are
observed for the DCMS discharge were the peak positions of
all investigated ions are 2–4 eV smaller compared to the pre-
dicted value. In addition, ion energy distributions are broader
for the DCMS compared to the HC discharge. We attribute
this to the more complicated electrode structure (3 instead
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Figure 9. Ion energy distribution of singly-charged (a) Ar+ (m/z = 40), (b) Ti+ (m/z = 48), and (c) Ar+2 (m/z = 80) ions for a HC discharge
with a positively biased external anode (+10 V, +20 V, +30 V, +40 V, +60 V, +90 V, +120 V).
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Figure 10. Ion energy distribution of singly-charged (a) Ar+ (m/z = 40), (b) Ti+ (m/z = 48), and (c) Ar+2 (m/z = 80) ions for a DCMS
discharge with a positively biased external anode (+0 V, +30 V, +60 V, +90 V, +120 V).
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Figure 11. Ion energy distribution of doubly-charged (a) Ar2+ (m/z = 20) and (b) Ti2+ (m/z = 24) ions for a HC discharge with a
positively biased external anode (+10 V, +20 V, +30 V, +40 V, +60 V, +90 V, +120 V).

of 2 electrodes) and the hot electron component of the bi-
Maxwellian energy distribution which enables ionisation in a
region farther away from the cathode where the plasma poten-
tial is already slightly reduced. Singly and doubly charged
argon ions show a pronounced low-energy tail which is either
absent or not that noticeable for titanium ions. A quantitative
analysis for the HC discharge at an anode of voltage Va = 60 V
shows that the pronounced tail contributes about 69%, 29%,
and 17% to the total intensity of Ar+, Ar2+, and Ar+2 ions,
respectively, and less than 2% for Ti+ ions.

The relative intensities of the investigated ion species are
quite different (figure 13). For both discharge types, Ar+ ions
are the most abundant species. The intensity of singly charged
Ti+ ions is more than one order of magnitude and of Ar+2
ions even more than two orders of magnitude smaller. The

intensity of doubly charged Ar2+ and Ti2+ ions is more
than one order of magnitude smaller compared to the cor-
responding singly charged ions Ar+ and Ti+. In particular,
the Ar2+/Ar+ ratio is 5.8% and 0.25% for the HC and the
DCMS discharge, respectively. Corresponding numbers for
the Ti2+/Ti+ ratio are 5 × 10−3 and 3 × 10−4 for the HC and
DCMS discharge, respectively. The numbers are rather com-
mon for a standard DCMS discharge [60]. We would like
to emphasize that the provided numbers are not corrected
for the ion detection efficiency which may depend on the
particular ion species and thus have to be taken with some
caution.

The main processes for Ar+ and Ar2+ ion formation are
single and double ionisation, respectively, by electron impact
[61]. The dominant loss mechanism is diffusion and the
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Figure 12. (a) Ion energy distribution of Ar+ (m/z = 40), Ar2+ (m/z = 20), Ti+ (m/z = 48), Ti2+ (m/z = 24), and Ar+2 (m/z = 80) ions
for a (HC) and (b) DCMS discharge with a positively biased external anode (+60 V).

subsequent recombination on surrounding surfaces. The cal-
culated Ar2+/Ar+ ratio of about 10% for a glow discharge at a
pressure of 75 Pa is close to the present observation [61].
Formation of metal ions in a glow discharge was investigated

by Bogaerts and co-workers [61, 62]. Accordingly, in addi-
tion to electron impact ionisation, reactions of Ti with (i)
metastable Arm atoms, Arm + Ti → Ar + Ti+ + e−, where
e− is a free electron, (ii) non-resonant single-electron charge
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Figure 13. Energy-integrated intensity of Ar+ (◦), Ar2+ (•), Ti+ (�), Ti2+ (�), and Ar+2 (�) ions for a HC (◦) and a DCMS (�) discharge
at an anode voltage of +60 V. Dashed lines to guide the eye only.

transfer with Ar+ ions, Ar+ + Ti → Ar + Ti+, and (iii) two-
electron charge transfer with Ar2+ ions, Ar2+ + Ti → Ar +
Ti2+, have to be taken into account [62]. The Ar+ density is
about one order of magnitude larger compared to Ar2+ which
favours formation of Ti+ compared to Ti2+ via reactions (ii)
and (iii). In addition, reaction (ii) requires a smaller energy
transfer of 8.93 eV compared to 14.05 eV for reaction (iii)
which again is in favour of Ti+ formation. Lastly, reaction (i)
additionally produces Ti+ ions. Altogether, this could explain
the much larger Ti+ density compared to Ti2+ and the rather
small Ti2+/Ti+ ratio observed here.

Formation of Ar+2 ions is more complicated. Most likely
are gas phase processes, in particular, (i) three-body reactions
of Ar+ ions with two neutral argon atoms, Ar+ + Ar + Ar
→ Ar+2 + Ar, (ii) associative ionization of two metastable
Arm atoms, Arm + Arm → Ar+2 + e−, and (iii) associa-
tive ionization of highly excited Ar∗∗ with neutral Ar atoms,
Ar∗∗ + Ar → Ar+2 + e− [48, 61]. Preliminary measurements
with different Ar gas flow rates (Ar pressures) indicate that
the Ar+2 /Ar+ ratio decreases with increasing gas pressure. The
observation excludes the three-body reaction (i) as the main
formation process. It qualitatively agrees with other observa-
tions that the associate ionisation processes (ii) and (iii) are
the dominant reaction mechanisms for formation of Ar+2 ions
[61, 63].

4. Conclusions

Langmuir probe and ion energy distribution measurements
have been performed for two different, HC and direct
current MS, discharges equipped with a positively biased
external anode. The anode is easily installed between cathode
and a substrate. It is shown that plasma and floating potential
are enhanced by the applied anode voltage. As a consequence,
the kinetic energy of plasma ions impinging on a substrate (ori-
fice) is enlarged. The positively biased external anode, hence,
allows for an effective energy control of plasma ions during
deposition of thin solid films. As a further benefit, not only the
kinetic energy but also the intensity of plasma ions impinging
on a substrate increases.
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