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Abstract

CrossMark

Many properties of cathodic arcs from single-element cathodes show a correlation to the

cohesive energy of the cathode material. For example, the burning voltage, the erosion rate, or, to
a lesser extent, plasma properties like electron temperatures or average ion energy and charge
states. For multi-element cathodes, various phases with different cohesive energies can initially
be present in the cathode, or form due to arc exposure, complicating the evaluation of such
correlations. To test the influence of morphology and phase composition of multi-element
cathodes on cathodic arc properties, a Nb—Al cathode model system was used that includes: pure
Nb and Al cathodes; intermetallic Nb3Al, Nb,Al and NbAl; cathodes; and three composite
Nb-Al cathodes with atomic ratios corresponding to the stoichiometric ratios of the intermetallic
phases. Pulsed cathodic arc plasmas from these cathodes were examined using a mass-per-charge
and energy-per-charge analyzer, showing that charge-state-resolved ion energy distributions of
plasmas from the intermetallic and corresponding composite cathodes are nearly identical. An
examination of converted layers of eroded cathodes using x-ray diffraction and scanning electron
microscopy indicates the formation of a surface layer with similar phase composition for
intermetallic and their corresponding composite cathode types. The average arc voltages do not
follow the trend of cohesive energies of Nb, Al and intermetallic Nb—Al phases, which have been
calculated using density functional theory. Possible reasons for this effect are discussed based on
the current knowledge of multi-element arc cathodes and their arc plasma available in literature.

Keywords: arc discharge, composite cathode, intermetallic cathode, Nb—Al, cathode erosion, ion
energy distribution, converted layer

1. Introduction

Cathodic arcs transform the cathode material into a plasma
state, a phenomenon which is often utilized to deposit thin
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films, but can also serve as an ion source for other applications.
Depending on cathode material and background gas pressure,
multiply charged ions with velocities in the order of 10* ms~!
are present in the inter-electrode plasma [1]. For cathodic arcs of
single-element cathodes in high vacuum, experimental and
calculated data for the arc plasma properties covering most
conducting elements in the periodic table is available in litera-
ture [2—6]. This includes for example, average burning voltages,
electron temperatures, ion charge state distributions (ICSDs), or
ion energy and velocity distributions. Concepts like the corre-
lation of the cohesive energy of the cathode material to burning
voltage, energy input and erosion rate [7], or the independence

© 2020 The Author(s). Published by IOP Publishing Ltd
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or weak dependence of most likely ion velocities on ion charge
state [8] show a good agreement to these experimental data sets.

While the second of these two concepts, the so-called
‘velocity rule’, seems to be applicable also for multi-element
cathodes, where also ions of different masses (elements) show
similar most likely ion velocities [9], it is still unclear if the
other concept, the so-called ‘cohesive energy rule’, can be
applied to multi-element cathodes. In some reports, cohesive
energies of multi-element cathode materials are compared to ion
properties of the expanded arc plasma, like average ion charge
states and energies [10, 11]. These are, however, also for single-
element cathodes, only indirectly related to the cohesive energy
of the cathode material and can be significantly influenced by
other means, e.g. by element specific ionization potentials,
charge exchange collisions of ions with neutral species [12, 13],
vacuum chamber geometry and the experimental setup, or by
angular distributions [14—16]. Therefore, such experiments
should be combined with more direct approaches, like e.g. a
comparison of cohesive energies to average arc burning vol-
tages as a function of composition of multi-element cathodes.
Such comparisons are, however, only rarely reported in litera-
ture and the information available is inconclusive. Furthermore,
additionally to the elemental fractions of multi-element cath-
odes, structure and morphology of such cathodes are likely to
influence cathodic arc properties. While several experiments
indicate the formation of intermetallic phases in the converted
layer of eroded composite cathodes [17-19], experiments which
explicitly compare cathodic arcs from a cathode composed of
an intermetallic phase to a composite cathode with the same
elements and atomic ratio seem to be absent in literature, apart
from a recent report by [20] in the context of arc deposition.
There, the authors compared two kinds of Ti—Al cathodes with
different phase compositions: pure a-Ti and Al phases versus a
mixture of intermetallic TizAl and TiAl phases, both with 50
at% Al content. The intermetallic cathode showed larger grain
sizes in the converted layer, higher population of macro-parti-
cles in the coatings and a slightly higher deposition rate.

In previous works, we used a Nb—Al cathode model system
including Nb, Al and three composite Nb—Al cathodes with
atomic Nb/Al ratios of 75/25, 67/33 and 25/75 to examine
average arc voltages, ion energy/velocity and charge state
distributions of related pulsed cathodic arc plasmas in high
vacuum and Ar atmosphere using high time resolution [21, 22].
The determined voltages and ion properties of arcs from com-
posite Nb—Al cathodes did, however, not show a simple linear
interpolation between their single-element counterparts like e.g.
suggested by [23] based on the Ti—Hf system. Particularly, the
reason why the average arc voltage of the composite Nb—Al
cathode with 25 at% Nb content showed a clearly lower value
compared to that of the pure Al cathode is not fully understood.
To further elaborate these results and the role of intermetallic
phases and cohesive energies for cathodic arcs from multi-ele-
ment cathodes, we extent our Nb—Al model system with 3
cathodes, where each of them is composed of one intermetallic
phase in the Nb—Al system: Nb3Al, Nb,Al and NbAls;. Such an
extended cathode model system allows us to examine possible
influences of cathode phase composition to cathodic arc prop-
erties like average arc voltage, ion energy distributions (IEDs),

Composite
s NbAl,  Nby AL

Nb,Al  NbAl  NbAI
Intermetallic phase

Figure 1. Top surfaces of used cylindrical Nb, Al and Nb—-Al
cathodes, showing different surface structures due to erosion after
approximately 10* plasma pulses.

ICSDs and elemental ion fractions in the expanded plasma of
pulsed cathodic arcs. In addition, cohesive energies of relevant
Nb-Al phases were calculated and the converted layers of ero-
ded cathodes were analyzed using scanning electron microscopy
(SEM) and grazing incidence x-ray diffraction (XRD).

2. Methods

2.1. Cathodes

Cylindrical cathodes with a diameter of 6.35 mm and about
20 mm length were fabricated by ‘Plansee Composite Mate-
rials GmbH’ in Lechbruck, Germany. Powders of Nb, Al and
intermetallic Nb—Al phases were used to create 8 different
cathode materials: Nb, Al, Nb—Al composites with Nb frac-
tions of 25, 67 and 75 at% (referred to as NbysAlys, Nbg;Als;
and Nb;sAlys), and 3 intermetallic Nb—Al phases: NbAl;,
Nb,Al and NbsAl. An overview of these cathodes is shown in
figure 1. The powders had grain sizes smaller than 135 yum
and a purity of at least 99.9%. The fabricated cathodes were
analyzed using XRD and SEM of fractured surfaces and
polished microcuts, as well as by a chemical analysis to
determine possible contaminations.

2.2. Arc source and plasma diagnostics

The basic experimental setup is sketched in figure 2 and
similar to previous experiments [21, 22]. The cathodes were
mounted in an ‘arc miniature gun’ (described in detail else-
where [24, 25]) positioned in a vacuum chamber of 1 m
diameter and 0.25 m height, which was initially evacuated by
a scroll pump and then by a cryogenic pump to a base pres-
sure of 10~ Pa, representing the starting point for all mea-
surements. The cathode cylinder axis was pointing directly
towards a grounded 50 pm orifice of a mass-energy-analyzer
(MEA, model EQP300 by Hiden) at a distance of about
27 cm, which was differentially pumped to 107°Pa by a
turbomolecular pump. The main elements of the MEA, which
are also indicated in figure 2, are: an ion extractor (extr.); an
ion drift space followed by an electric sector field energy filter
(ESA); a quadrupole mass per charge filter; a secondary
electron multiplier (det.); and the mass spectrometer interface
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Figure 2. Basic sketch of the experimental setup, indicating the arc miniature gun in the vacuum chamber, the attached mass-energy analyzer
(MEA), the electric circuit and other peripheral devices. Further details are explained in the text. This figure was adapted from figure 1 in

[21], licensed under Creative Commons Attribution 3.0.

unit. Further details and applied parameters can be found
in [21].

To generate arc discharges, a 1 kV power supply was
charging a pulse forming network (PFN) with 250 V, deli-
vering an approximately rectangular 200 A current pulse of 1
ms to the arc miniature gun. The pulse was cut-off at 600 us
(which corresponds to At in figure 2) by redirecting the
current into a short circuit to enhance its rectangular shape. As
a consequence of a conducting path between cathode and
anode within the arc miniature gun with an electrical resist-
ance between 1 and 500 €2, the applied voltage is sufficient to
trigger an arc discharge (see [25] for details on this trigger
mechanism). Arc pulses were generated 5 times per second.
Before starting or restarting any measurement, a conditioning
step of about 150 arc pulses was generally carried out to
ensure arc spots of type 2 [26].

The MEA was used to detect ions of the plasma
resolved in mass-per-charge and energy-per-charge. The
detection interval (the ‘dwell time’) was set to 1 s per energy
step, which means that each individual measurement is an
average of 5 consecutive arc pulses. IEDs have been
recorded with a step size of g eV, where ¢ is the charge state
number of the related ion species. Based on the natural
abundance of Al (100.0%) and 33Nb (100.0%) [27], no
isotope corrections were applied. It has to be stressed that
these results reflect the situation at the MEA orifice 27 cm
away from the cathode at an on-axis angle (normal to the
cathode surface) and only provide indirect information
on the cathodic arc plasma. The change of kinetic ion
energy in the plasma sheath to this grounded orifice was not
corrected.

2.3. Arc voltage and current

Voltages and currents of the arc discharge were measured
directly at the vacuum chamber feedthrough using a 1:100
high voltage probe and a 0.01 V A"' wide-band current
monitor. One has to be aware that these voltages are slightly
larger than the actual arc burning voltage, which is a result of
the voltage drop inside the cathode and other relevant parts of
the circuit. Therefore, they are here, denoted as ‘arc voltages’
instead of burning voltages. To be able to compare arc vol-
tages of cathodic arcs from intermetallic Nb—Al cathodes to
our earlier measurements of composite Nb—Al cathodes in
high vacuum, where a nearly identical experimental setup was
used, the measurement of voltage samples was done sepa-
rately and similarly to [21]. That is, recording the time
evolution of voltage (and current) averaged over ~65 plasma
pulses several times (=100 iterations). An exemplary evol-
ution of voltage and current within an arc pulse from a NbzAl
cathode is displayed in figure 3. A pulse time interval
representative for a steady state regime (300-500 ps) was
used to compute a final average value of all samples
corresponding to one cathode material.

2.4. Characterization of eroded cathodes

After being exposed to roughly 10* plasma pulses, the
crystallographic structure of the eroded cathode surface
layers was examined using grazing incidence XRD with a
fixed incident angle of 2°, while the 20 angle was varied
from 10 to 120° with a step size of 0.035° and a dwell time
of 2 s. Images of such eroded cathode surface layers are
shown in figure 1 for all cathode materials. For these
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Figure 3. Typical time evolution of voltage and current during an arc
pulse, showing results from an Nb3Al cathode. The arc is triggered at
time zero and cut-off at 600 is. Reproduced from [21]. © IOP
Publishing Ltd. All rights reserved.

measurements, a Bruker D8 Advance diffractometer equip-
ped with an energy-dispersive Sol-X detector and CuK,
radiation was used. These measurements were repeated for
the virgin cathodes using the same parameters. Cross
sections of the eroded cathodes were prepared by grinding
and polishing to a finish of 1 um. These cross sections were
analyzed by SEM using a Zeiss EVO 50. Backscattered
electron (BSE) images were recorded to visualize the ele-
mental contrast between Nb and Al.

2.5. Approximation of cohesive energies

In order to estimate cohesive energies of relevant Nb, Al and
Nb-Al phases, density functional theory (DFT) calculations
were performed using the Vienna Ab initio Simulation
Package [28, 29] together with plane-wave projector aug-
mented wave pseudopotentials [30]. The Perdew—Burke—
Ernzerhof generalized gradient approximation (PBE) [31]
was used to treat the exchange and correlation effects. The
plane-wave cut-off energy of 600 eV and the reciprocal
space sampling with I'-centered Monkhorst—Pack meshes
[32] ensured a total energy accuracy of at least 1073 eV per
atom. The Nb-Al intermetallics, NbAls, Nb,Al, and NbsAl,
were assumed to adopt the tetragonal DO,, (I4/mmm,
#139), tetragonal D8, (P4,/mnm, #136), and cubic
Al5-type (Pm3n, #223) phase, respectively. Additionally,
low-energy metastable Nb,Al;_, structures were predicted
[33] employing first-principles evolutionary algorithms
as implemented in the USPEX (universal Structure
Predictor: Evolutionary Xtallography) code [34-36] featur-
ing local optimization, real-space representation and flexible
physically motivated variation operators. The cohesive
energies (E.,,) were evaluated according to

1

—’
nap + NN

ey

—Econ = (Etor — naA1Efree— Al — INbEfree—Nb)

where E\ is the total energy of the simulation cell, n; (nnp)
denotes the number of Al (Nb) atoms within the cell, and
Etee a1 (Efee_Np) Tepresents the energy of an isolated Al
(Nb) atom in vacuum. The latter is calculated using a
large simulation box (15 A) to avoid interactions between

its periodic images, containing a single atom. These calcu-
lations were performed with a single k-point (I') to further
underline the desired non-periodic character.

3. Results

3.1. Plasma properties

IEDs in the plasmas from composite and intermetallic cathode
types are directly compared in figure 4 for Nb ions and in
figure 5 for Al ions. In both figures, IEDs for the observed
charge states (rows) and the 3 different atomic Nb/Al ratios
in the cathode are displayed. Apart from small deviations
such as a small shift to lower energies for ions from the
intermetallic NbAl; cathode for single-charged ions, the IEDs
for the composite and intermetallic cathode types show a
similar behavior for all Nb and Al ions species. The generally
observable cathode material dependency of these IEDs is
displayed more clearly in figure 6 for plasma from composite
catzhodes, exemplary for the most prominent ions: Nb** and
AT,

The Nb ion fraction (fy,,) of the detected Nb and Al ions
was calculated with equation (2) using the energy-integrated
IEDs for Nb (Inye) and Al ions (Iop) of specific charge state
numbers ¢g. The results are visualized in figure 7, which
compares the fraction of Nb atoms in the cathodes (25, 67 and
75 at%, green bars) to fy, from composite (blue bars) and
intermetallic cathode types (red bars). The results show a
surplus of detected Nb ions, when related to the Nb/Al
atom ratio in the composite cathodes similar to [21]. For the
intermetallic cathode types, this Nb ion surplus is also
present

Z:: N

. 2
7 3
Zq: Inpt + Zq: NING

fao =

3.2. Arc voltages and cohesive energies

Average arc voltages representing the steady state of the
plasma pulses are displayed in figure 8(a) for single-element
Nb and Al, composite Nb—Al and intermetallic Nb—Al
cathodes. For the single-element and composite Nb-Al
cathodes, 4 repetitions of the measurements described in
section 2 are shown (including results from [21]). They are
directly compared to a single measurement for intermetallic
cathodes, where the error bars indicate standard deviation of
the sample data, which can be large due to the intrinsic
voltage fluctuations of cathodic arcs [37]. Furthermore,
differences induced by cathode mounting, cathode erosion
and formation of a metal film on the insulator between
cathode and anode during the process, can explain the rather
strong variations in the results for a single cathode com-
position. The voltages of the intermetallic cathodes gen-
erally follow the known characteristics of composite Nb—Al
cathodes [21, 22], but the voltage of the NbAl; cathode is
clearly increased compared to its composite counterpart.



Plasma Sources Sci. Technol. 29 (2020) 025022

S Zbdhrer et al

p— 75 at. % Nb 67 at. % Nb 25 at. % Nb
— Nb* o Nb* Nb* ;
i e  Composite
T“} 0;‘6 ¢ o Intermetallic
T 5000 4 4 i %fv% ]
2 o *
3 4 oa™
“ PSS &
0 J = T
15000 0 o0 100 0 50 100 0 50 100
) b v P
— Nb** Nb*™* & Nb**
|
o, i Q% 4 % J J’
P 10000 § » 3 @‘
© B e Se *
£ 5000 - @ %% - .
E g iV 4
= 0 ] y j ﬁ“ ‘Q“' m
15000 0 100 200 0 100 200 0 100 200
— 2 Nb:i— Nb:i— Nb.‘i—
| L ]
" 10000 . - &
° (&; .
£ 50004 & O & 4 O.O .
é Ge &
0 ; : e,
, 0 100 200 0 100 200 0 100 200
1000 1 1 :
- Nb** Nb** Nbi~
|
]
@ 500 - 4
= o8 O
e, : :
8 %)Q’ o . - rite
0 - ez . :
0 100 200 300 0 10(€ 200 300 0 100 200 300
Energy [eV] Energy [eV] Energy [eV]

Figure 4. Comparison of Nb IEDs from pulsed cathodic arcs of composite (black markers) and intermetallic (red markers) cathodes. These
distributions are displayed for all observed Nb ion charge states (rows) and different Nb contents in the Nb—Al cathodes (columns).

The arc currents are constant for all cathode materials
(=200 A) due to the total impedance being dominated by
the PFN and not by the arc discharge.

Figure 8(b) displays the DFT calculated cohesive
energies of the cathode materials as well as of the meta-
stable Nb,Al;_, phases predicted by USPEX. The cohesive
energy estimates are compared with experimental data from
literature for Nb and Al [38] as well as with other DFT
approaches for Nb using different parameters [39]. While
the results for Al match the shown literature values, the
discrepancies for the Nb values display the general diffi-
culty of calculating cohesive energies of transition metals
using DFT, where the choice of approximation of the
exchange correlation energy has a particularly large influ-
ence [39]. Still, the use of PBE leads to the same result of
about 7.0 eV here, as well as in [39]. To achieve comparable
results, all cohesive energies in the current work (including
fcc-Al and bce-Nb) were calculated using the same DFT
approach as described in section 2. We note that according
to 0 K DFT calculations, the only stable structures within
the binary Nb—Al system are bcc-Nb, Nb,Al, NbAl;, and
fcc-Al (all marked by red triangles). NbsAl, although pre-
sent in the experiments, is dynamically unstable (even at

higher temperatures) and was proposed to be stabilized by
antisite defects [33].

3.3. Characterization of eroded cathodes

3.3.1. SEM. Cross-sectional SEM images from used Nb—Al
cathodes are displayed in figure 9 for the composite and in
figure 10 for the intermetallic cathode types. For the
composite cathodes, the bulk material shows Nb powder
grains (bright) embedded in an Al matrix (dark) due to the
powder metallurgical fabrication process. In addition, the so-
called converted layer is clearly noticeable from material
contrast in the surface-near region. The detailed views of the
converted layer show various material contrasts between the
Nb grains due to intermixing of Al and Nb in these regions.

In contrast to the composites, the intermetallic cathodes
are single phase, and therefore, show less material contrasts in
the BSE images (figure 10). The bright streaks in figure 10(a)
possibly show Nb or Nb,Al inclusions formed during the
cathode fabrication process and are also visible in other SEM
images from fractured surfaces of NbAl; cathodes (not shown
here). The bright features in figure 10(c) are charging effects
and can be neglected. The images also display multiple
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Figure 5. Comparison of Al IEDs from pulsed cathodic arcs of composite (black markers) and intermetallic (red markers) cathodes. These
distributions are displayed for all observed Al ion charge states (rows) and different Al contents in the Nb—Al cathodes (columns).

15000 e
. [ ]
%ﬂ @ NB™ 3.:. Coqe
210000 - 0% 0,0 ®eq
Q ¢ 'Y
® 5 o*
(] L]
£ e ¢ .
£ 5000+ aats . .. . ..
8 “.""."x- ..’ A ‘e T .0.
vyesy
0 UPPPUPTTPUPTIITYS S SUPRIOIOET 1 inttetibhdeeidabintotdetd 104 24117 TYTTYYTT T IR
0 50 100 150 200
15000
2 GSeneete S0e, .
— (b) AP . b '... ®  Single-element
|
210000 - gt é ¢ NbysAl
I i .0. e v NbgrAlz3
E 5000+ . » “0 *%e o A NbzsAlys
: Ly " Vet '
A L)

) N 4 " OM.“ .

0 50 100 150 200

Energy [eV]

Figure 6. Time-averaged kinetic energy distributions of (a) Nb>* and (b) AI** ions from cathodic arc plasmas of Nb, Al and composite

Nb-Al cathodes.

cracks, related to the generally observed brittleness of the
used intermetallic materials. Near the eroded surface, the
Nb,Al and NbsAl cathodes show hollow structures (macro-
scopic flakes partially breaking off). These structures are
visible in figures 10(c) and (e) in form of islands within the
mounting resin. With incorporation of the detailed views,
converted layers are also visible for these intermetallic

cathodes in figures 10(b), (d) and (f), particularly for the
NbAI; cathode.

332 XRD. To determine the phase composition of the
converted layers, all cathodes (in virgin and eroded state)
were analyzed by XRD. Figure 11 shows the resulting
diffractograms for the Nb,sAl;5s and NbAl; cathodes. The top



Plasma Sources Sci. Technol. 29 (2020) 025022

S Zbdhrer et al

1.0y
0.8
c |
o
50.6/
® |
0.4
= T N Cathode material
0.2 Il Plasma: composite cathodes
I Bl Plasma: intermetallic cathodes |
00 s s _D
25 at.% Nb 67 at.% Nb 75 at.% Nb

Figure 7. Nb atom fraction in the Nb—Al cathodes (1st bars in green)
compared to the Nb ion fraction of the total ion detections from the
plasma of composite (2nd bars in blue) and intermetallic (3rd bars in
red) cathodes.

(a) and bottom (d) diffractograms in this figure show the
results for the virgin cathodes. They are compared to peak
patterns taken from literature [40] and clearly display the
presence of bce-Nb and fee-Al phases (a) and an intermetallic
NbAl; phase (d). For the eroded state (middle), the
diffractogram of the eroded intermetallic cathode (c) shows
no changes of peak positions. However, the results for the
eroded composite cathode (b) indicate the formation of an
intermetallic NbAl; phase at the surface, in addition to becc-
NbD and fcc-Al phases. Additionally, a faint peak at a 26 angle
of 41.2° is appearing (indicated by a thin black line), which is
slightly below the highest intensity peak of Nb,Al according
to [40]. Two faint peaks corresponding to the NbAl; phase are
already detected for the virgin composite cathode (also
indicated by thin black lines), which is likely caused by the
formation of minor amounts of this phase during fabrication.

Figure 12 displays the same type of diagram, but for the
Nbg;Alz3 and Nb,Al cathodes. The diffractogram for the
virgin Nb,Al cathode at the bottom (d) corresponds to
calculated peak patterns of an intermetallic Nb,Al phase
obtained from [40]. One additional peak (indicated by a thin
black line) near the highest intensity Nb peak (slightly
shifted) is also visible. The diffractogram for the eroded state
of the Nb,Al cathode (c) shows a similar behavior apart from
the peak at a 26 angle of 39.2° (also indicated by a thin black
line), which seems to be superimposed by a peak not present
in virgin state. The change from virgin to eroded state for the
composite cathodes (figures 12 (a) and (b)) displays a change
from Nb and Al to Nb, Al and a NbAlj; phase. Additionally,
the assumed Nb,Al peak at a 260 angle of 41.2° (which was
also visible in figure 11(b) at lower intensity) is appearing in
the eroded state (b).

The last diagram, showing the results for the Nb;sAlys
and NbsAl cathodes, is displayed in figure 13. There, the
diffractograms of the virgin cathodes ((a) and (d)) also show
the expected Nb, Al, or Nb3Al peaks when compared to
reference data [40]. For the virgin intermetallic case (d), two
unidentified faint peaks at 37.1° and 38.1° are present,
possibly traces of Nb,Al or other contaminations. In this
diagram, also the results for the eroded intermetallic cathode
(c) show a substantial change when compared to the virgin
state. In eroded state, only 3 peaks are visible within the
shown interval while most Nb3Al peaks are absent. These 3

peaks (and 2 more at higher diffraction angles not shown
here) could actually be shifted Nb peaks. The diffractogram of
the eroded composite cathode (b) also shows, similar to
figures 11(b) and 12(b), significant changes when compared
to its virgin state and displays traces of Nb, Al and NbAl;
phases. Peaks of the Nb,Al phase are only partly present and
NbsAl peaks are absent (apart from a barely visible shoulder
at its highest intensity peak at 38.8°).

4. Discussion

4.1. Plasma

For the discussion of the recorded properties of pulsed
cathodic arc plasmas of composite and intermetallic Nb—Al
cathodes, the conclusions of earlier experiments have to be
taken into account first. Using a similar experimental setup,
charge state dependent Nb and Al IEDs of plasma from Nb,
Al and composite Nb—Al cathodes have already been recor-
ded in high vacuum with high time resolution [21]. There, the
composite NbssAlys and Nbg;Als; cathodes produced similar
results, while the results from the composite Nb,sAl;5 cath-
ode differed as generally higher ion energies and charge states
in the steady state regime of the plasma pulses were observed.
This behavior shows that increasing the Nb content in an
Nb-Al cathode does not necessarily lead to higher charge
states and kinetic energies of ions in the expanded arc plasma.
One reason for that is the interaction of ions with neutral
species, which is particularly strong when using the Nb-rich
composite cathodes. This heavily decreases the initially
higher charge states and energies of ions coming from Nb-
rich composite cathodes, significantly contributing to the
observed steady state values [21]. The IEDs shown in the
current experiment (black lines in figures 4 and 5) represent
another measurement using such composite cathodes, which
generally show an outcome consistent to the earlier experi-
ments when compared to their time-average over the full
pulse duration, e.g. in figure 7 of [21]. The results of the
intermetallic Nb—Al cathodes (red lines in figures 4 and 5) are
very similar to the results for the composite cathodes,
showing the same characteristics like the low kinetic energies
for ions coming from Nb-rich composite cathodes. Although
there are small differences, mainly for the NbAl;/Nb,sAlys
cathodes, which are also present for arc voltages (see
figure 8(a)) and to a lesser extent, for Nb ion fractions (see
figure 7), the results as a whole suggest that such a change in
the structure of the bulk cathode (composite/intermetallic
phase with same atomic Nb/Al ratio) has no major con-
sequences for the properties of the expanded arc plasma from
Nb-Al cathodes.

4.2. Cathode erosion

To further discuss these results, one has to take the modifications
of the cathode surface layer during the arc pulses into account.
The analysis of cathodic arc plasmas is generally done after
conditioning the cathode surface to establish stable conditions
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Figure 8. (a) Shows average arc voltages of a representative arc pulse time interval for all cathode materials corresponding to the Nb content
in the cathode. The black markers show 4 repetitions of measurements for single-element and composite cathodes (where one was taken from
table 3 in [21]) and the red markers display results from a single measurement based on intermetallic cathodes, where the error bars represent

the voltage fluctuations; (b) displays calculated cohesive energies of Nb,

Al and Nb-Al structures from this work and from literature [38, 39].

In addition, cohesive energies of Nb—Al phases predicted by USPEX are shown.

for experiments. That means running the arc discharge before
measurements for an adequate amount of time (about 150 arc
pulses here) to exclude the influence of various non-metal spe-
cies initially present on the cathode surface in high vacuum (e.g.
oxides or water). When this is done one can expect to have
cathode spots of type 2 [26]. This conditioning step, however,
already leads to the formation of an converted layer on the
cathode before actual measurements are carried out, because the
explosive plasma formation within arc spots involves tempera-
tures exceeding the critical point of related phases and might
exhibit pressures up to 10'° Pa [41, 42]. Consequently, also the
still solid or liquid phases in the vicinity of arc spots are likely to
undergo phase transitions. The resulting converted layers can be
clearly observed in the SEM images for the composite cathodes
(figure 9), similarly to other reports in literature for e.g. com-
posite Ti—Al [18] or composite Cr—Al cathode materials [17].

The material contrasts within these layers, suggest the presence
of Nb-Al phases (possibly intermetallic or solid solutions) in
addition to Nb and Al. When considering the results for the
intermetallic cathodes, the layers show less material contrast, but
still, converted layers are partly visible (see figure 10), indicating
differences in microstructure in the heat-affected zone. Based on
these observations, the formation of a similar mixture of phases
in the surface layers of the composite and corresponding inter-
metallic cathodes could be a reason for the observed conformity
of related ion properties.

These hypotheses are strengthened by the results of
XRD. There, with exception of the eroded Nb3Al cathode, the
diffractograms of all eroded cathodes show traces of the
intermetallic NbAl; and Nb,Al phases. A mixture of these 2
phases and remainders of the bulk cathode material might be
generally present on the eroded cathode surfaces. In the
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Figure 9. Cross-sectional SEM images of eroded cathodes for composite NbysAlys (a) + (b), Nbg;Alsz (c) + (d) and Nb;sAlys (e) + ()

materials.

Nb-Al phase diagram (e.g. in an experimentally determined
phase diagram shown in [43, 44]) the miscibility gap between
the NbAl; and Nb,Al phases ranges from about 35 to 75 at%
Al at 1000 °C, generally providing a large interval for the
formation of these two phases in thermodynamic equilibrium.
Considering the high temperatures and temperature gradients
near arc spots, it is clear that high cooling rates are likely to
lead to rapid solidification far from thermodynamic equili-
brium, possibly providing an even stronger driving force for
the formation of different phases. Furthermore, diffusion and
the powder grain structure of composite cathodes itself create
atomic Nb—Al ratios which are locally different to that of the
bulk cathode. It is also known that liquid metal is rapidly

displaced on the surface at arc spots within time scales of
nanoseconds, where liquid metal droplets can gain velocities
of several 100 ms~!' [45]. As a consequence of all these
aspects, the intermetallic phases forming on the eroded sur-
face do not necessarily correspond to the Nb—Al ratio of the
bulk cathode. The prevalence of the NbAl; phase shown in
XRD implies that the corresponding exothermic reaction, the
formation of NbAl; out of Nb and Al, is taking place during
arc discharges near arc spots, where thermal energy provides
the necessary activation energy. Of the 3 intermetallic phases,
NbAlI; shows the lowest enthalpy of formation (most negative
value) [44, 46, 47]. The latter was experimentally evaluated to
(—49 £ 1) kI mol ! by [44], to (=41 £ 1) kJ mol~! by [46],
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Figure 10. Cross-sectional SEM images of eroded intermetallic cathodes: NbAl; (a) + (b), Nb,Al (c) + (d) and NbzAl (e) + ().

but also estimated to —46 kJ mol~! by [47] using theoretical
approaches. That roughly corresponds to 0.5 eV/atom—
similar to calculations in [33]. A locally sufficient supply of
Al via diffusion, including the distribution of liquid Al, seems
to make this reaction possible, even for lower Al fractions of
25 and 33 at% in the bulk cathode. Similar aspects were
discussed by [18] for the Ti—Al system, who examined the
erosion of composite TisgAlsg cathodes by cathodic arcs for
different Ti/Al grain sizes in the cathode. There, the authors
argued that an exothermic reaction for Ti and Al could take
place along Al channels in between the Ti grains, which is
related to observed porosity and holes beneath the surface.
Such porosity in form of holes and cavities, extending up to
100 pym, was also observed for the current eroded Nb-Al
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cathodes. These cavities could, however, also be related to
molten Al beneath the surface, being spilled out due to its
thermal expansion. Irrespective of these details, the presence
of such exothermic reactions is likely and they might play a
role in the energy balance of the cathodic arc discharge.

4.3. Energy balance versus plasma properties

To carry out that thought, a more defining energy for cathodic
arcs, the cohesive energy of the cathode material, has to be
considered. For single-element cathodes, the approximately
linear relationship between arc voltage and cohesive energy
of the cathode material is an experimentally well established
correlation [7, 48]. When extending that concept to composite
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Figure 12. X-ray diffractograms of Nbg;Als; and Nb,Al cathodes in virgin and eroded state. The colored peak patterns show literature

reference data [40] for bee-Nb, fce-Al, NbAl; and Nb,Al phases.

Nb-Al cathodes containing Nb and Al phases, one could
simply calculate an average of the cohesive energies of these
materials, weighted by the Nb—Al fraction in the cathode.
However, since intermetallic Nb—Al phases are present, it is
also necessary to consider their cohesive energies, which
might show different values. Therefore, DFT was applied to
approximate the corresponding average cohesive energies per
atom for relevant crystal structures (figure 8(b)). Based on the
cohesive energy rule and the results of both of these
approaches, which basically show an approximately linear
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interpolation between the values of Nb and Al, one would
expect likewise behavior for the arc voltage. That is, however,
not observed (see figure 8(a)) and the measured voltages for
the multi-element Nb—Al cathodes are generally lower than
predicted by these trends. Since the current is relatively
constant for all cathode materials (about 200 A in the steady
state regime), the voltage can be easily correlated to power
and energy input to the cathode during the steady state
regime. The observation that the arc for the composite
Nb,sAl;s cathode requires the least voltage (and power), even



Plasma Sources Sci. Technol. 29 (2020) 025022

S Zbdhrer et al

— Nb
— Al
—— NbAl;3
— NboAl (a) NbysAlzs | 5
NbsAl [q)
A Adza
— =
) mS
s J (b) NbysAls é%
2L Ay | Ao A LA B
«
C lllll
g 3=
= (c) Nb3Al 05
o
. A 55
2
m
A (d) NbsAl | SE
o=
A A Z0
20 30 40 50 60 70

Diffraction angle 26 [°]

Figure 13. X-ray diffractograms of NbssAl>s and Nb3Al cathodes in virgin and eroded state. The colored peak patterns show literature
reference data [40] for bee-Nb, fce-Al, NbsAl, Nb,Al and NbAl; phases.

Table 1. Melting points (7,,) of Nb and Al [27], and intermetallic
Nb-Al phases in their stoichiometric composition (according
to [43]).

Nb  NbsAl Nb,Al NbAl; Al

T, (°C) 2477 2060 1940 1680 630

less than for the pure Al cathode, cannot be explained by
related cohesive energies and is likely caused by other effects.

The exothermic reactions forming the intermetallic pha-
ses mentioned earlier could be one of these effects, possibly
lowering the energy requirements to sustain the arc due to the
provided thermal energy. For the composite cathodes, a
steady supply of the reactants Nb and Al is available in form
of their body-centered-cubic and face-centered-cubic phases
from the bulk cathode. For the intermetallic cathodes how-
ever, Nb and Al are only available in form of an intermetallic
phase with a much higher melting point compared to Al (see
table 1).

The absence of a phase with a low melting and eva-
poration point like Al in the bulk cathode possibly hinders
these reactions and might increase the energy requirements
for the arc. That could lead to the observed increase in voltage
(and power) for intermetallic cathode types with 25 and
67 at% Nb when compared to the corresponding composite
types. The observation that the eroded composite cathodes
show pronounced traces of NbAl; in the diffractograms, while
the eroded intermetallic Nb,Al and NbsAl cathodes show
less, supports this idea. For the Nb3Al cathode, where XRD
data suggests that even the source material Nb;Al might not
be present in the surface layer, the observed bcc phase with
peaks shifted to higher angles than the reference bcc-Nb is
most likely a metastable Nb—Al solid solution with the same
composition as NbzAl.
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5. Conclusions

Charge-state-resolved Nb and Al IEDs from pulsed cathodic
arc plasmas of intermetallic NbAl;, Nb,Al and NbsAl cath-
odes were nearly identical to those measured for composite
Nb-Al cathodes with corresponding atomic Nb/Al ratios.
The formation of a converted layer with a similar phase
mixture in heat-affected zones during operation, as indicated
by XRD and SEM analysis of the eroded cathodes, seems to
be responsible for this behavior. The average arc voltages
from intermetallic /composite Nb—Al cathode types also show
similar trends, however, the arc voltages of intermetallic
cathodes with higher atomic Al fractions are increased. When
comparing these voltages to corresponding cohesive energies
of relevant phases depending on the atomic Nb/Al ratio in the
cathode, no correlation is observed. The measured average arc
voltages are lower than expected by a hypothetical extension
of the cohesive energy rule to multi-element cathodes. One
reason for this deviation could be an altered energy balance of
the arc discharge for composite cathodes with high Al content
due to the exothermic reaction of elementary Al and Nb forming
intermetallic NbAl; and Nb,Al phases. Overall, the results
demonstrate that for multi-element cathodes like Nb—Al, the
converted layer, its phase composition and formation processes
play a much more defining role for cathodic arc properties than
for single-element cathodes.
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