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During direct current magnetron sputtering (dcMS) of thin films, the ion energy and flux are complex parameters
that influence thin film growth and can be exploited to tailor their properties. The ion energy is generally
controlled by the bias voltage applied at the substrate. The ion flux density however is controlled by more
complex mechanisms.

In this study, we look into magnetic-field-assisted dcMs, where a magnetic field applied in the deposition
chamber by use of a solenoid coil at the substrate position, influences the energetic bombardment by Ar ions
during deposition. Using this technique, CrFeCoNi multicomponent nitride thin films were grown on Si(100)
substrates by varying the bias voltage and magnetic field systematically. Plasma diagnostics were performed by a
Langmuir wire probe and a flat probe. On interpreting the data from the current-voltage curves it was confirmed
that the ion flux at the substrate increased with increasing coil magnetic field with ion energies corresponding to
the applied bias. The increased ion flux assisted by the magnetic field produced by the solenoid coil aids in the

stabilization of NaCl B1 crystal structure without introducing Ar ion implantation.

1. Introduction

Among the many methods available to alter growth kinetics in
sputter-deposition processes, ion-assisted direct current magnetron
sputtering (dcMS) can be used to alter the film’s microstructure and
properties by bombardment with energetic ions (typically Ar") and
higher ion-flux conditions than a regular sputter-deposition process.
While the energy of the bombarding ions is normally controlled by the
applied bias voltage to the substrate [1], the flux of ions can be signif-
icantly increased either by using an additional ion source, or by
extracting and accelerating the existing ions in the plasma [2-5].

In this work, we focus on magnetic-field-assisted dc magnetron
sputtering. This technique makes use of a magnetic field produced by a
solenoid coil placed around the substrate to influence the energy and
flux of Ar ions close to the substrate. Studies have shown the influence of
ion energy and flux on the resulting film growth and microstructure for
sputter deposition of Mo, Ti and TiN films [6-8]. When growing binary
metallic films, the effects of increased Ar ion bombardment are rela-
tively straightforward, the increased flux and energy of Ar ions both can
lead to densification of the growing film along with a change in texture
[9]. In the case of ceramic materials such as nitrides, the effects can be
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more complex. A study where single crystal TiN films were grown in
excess N and pure Nj discharges reported the formation of
nanometer-sized Ny bubbles [10]. This is a result of inhibited desorption
and segregation of N ions during high bias voltage assisted growth.

These studies serve as a foundation for understanding film growth in
much more complex systems such as multicomponent materials. This
class of materials is gaining popularity for their mechanical, electrical,
electrochemical, and irradiation-resistant properties [11-13]. Here, we
focus on understanding the effect of ion energy and flux on the growth of
CrFeCoNi multicomponent nitride thin films.

2. Experimental details

Plasma diagnostics and thin-film deposition were carried out in an
unbalanced magnetron sputtering system equipped with a solenoid coil.
A schematic of the ultra-high vacuum sputtering system can be found in
the supplementary information (Fig. S1) however, details of the system
are described elsewhere [14]. In brief, the system consists of four
magnetron assemblies placed ~13 cm from and at an angle of 30° to the
substrate holder. The magnetic fields of adjacent magnetron assemblies
are coupled. The solenoid coil placed around the substrate
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holder/sample stage is a Kapton-insulated Cu wire wound around a
stainless-steel frame with an in-built cooling system. The solenoid coil is
operated by setting the coil current to produce a magnetic field between
0 and 8.5 mT. A plot of the magnetic field produced by the coil as a
function of the current can be found in Ref. [14]. When turned on, the
coil assists in the deposition processes by coupling the outer pole of one
pair of opposing magnetrons. The magnetic field lines of the outer poles
of the active magnetrons are directed towards the substrate and not
towards the neighboring magnetrons. Plasma diagnostics were carried
out with the same target power and processes parameters used for film
growth mentioned later.

A Langmuir wire probe and flat probe were used for obtaining the
current (I) — voltage (V) characteristics. The Langmuir wire probe con-
sisted of an 0.5-mm-diameter and 3 mm long tungsten wire shielded
within ceramic tubes. These homemade probes were inserted through
the load-lock chamber and positioned at the location of the substrate
holder. The substrate table was always at the same potential as the probe
during the study. The plasma potential (V,) was determined from -V
curves in the electron-current region obtained from the Langmuir wire
probe. Current measurements were made in the range from —70 to +15
V of applied bias potential.

The floating potential (Vy) was determined from the I-V curves in the
ion-saturation region obtained from the flat probe. The flat probe was
designed in a manner where the I-V characteristics could be recorded at
five different positions on a circular, 50.8-mm (2-inch) diameter,
stainless-steel plate. The data presented in this work was recorded from
the center position of the probe/electrode. A schematic view of the flat
probe is provided in the supplementary information (Fig. S2). A Lab-
View program was used to collect data and obtain the I-V curves [15].

(CrFeCoNi)N films were grown on 50.8-mm (2-inch) diameter silicon
(100) substrates. The base pressure was 3 x 10~/ Pa. Depositions and
plasma diagnostics were carried out in an Ar + N3 atmosphere (working
pressure, 0.53 Pa), where the relative nitrogen gas flow (Fy,) = 70%
which can be defined as,

sz
(sz +fA’)

where, fy, is the nitrogen partial flow, f4, is the argon partial flow. A
relative nitrogen gas flow of 70% was chosen as it resulted in a sto-
chiometric nitride thin film. A compound target with composition
Cro4Fe32Co24Nisg (provided by Plansee, Composite Materials GmbH)
target thickness 3 mm, and 50.8 mm (2-inch) diameter was sputtered
with a constant target power of 100 W.

0-20 X-ray diffraction (XRD) patterns were obtained using a PAN-
alytical X’Pert PRO diffractometer operated using Cu-Ko radiation (A =
1.54060 [o\) at a voltage of 45 kV and current of 40 mA. Scans were
carried out in the Bragg-Brentano configuration.

Scanning electron microscope (SEM, Sigma) was used for imaging
using the in-lens detector with an acceleration voltage of 2 kV. (Scan-
ning) transmission electron microscopy [(S)TEM] was carried out on the
samples in a FEI Tecnai G2 TF 20 UT instrument operated at 200 kV.
Electron transparent cross-section samples were prepared by focused ion
beam (FIB) in a Zeiss Neon 40 dual beam workstation using 30 kV/2 nA
Ga' ion. A layer of platinum was deposited on the area to be milled in
order to protect it the sample from the milling process. The cross sections
were extracted by lift-out technique. A final thinning down and pol-
ishing were done using 200 pA and 50 pA currents.

The elemental composition of the films in series 2 was determined by
time-of-flight elastic recoil detection analysis (ToF-ERDA). Measure-
ments were carried out at Uppsala University (Sweden) in a 5 MV NEC-
5SDH-2 Pelletron Tandem accelerator. ToF-ERDA results were obtained
at a 45° recoil angle between the 36 MeV '2/I®* primary beam incident
at 67.5° and a gas ionization chamber detector. Depth profiles of the
elemental composition were acquired from ToF-ERDA time and energy
coincidence spectra with the Potku 2.0 software package [16]. The
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Table 1
Deposition parameters of (CrFeCoNi)N multilayered and monolithic films grown
in series 1 and series 2 respectively.

Series 1: ion-energy controlled growth

Deposition temperature (°C) Bias voltage (V) varied Magnetic field (mT)
RT —40 - —-130 4.5
300

Table 2
Deposition parameters of (CrFeCoNi)N multilayered and monolithic films grown
in series 1 and series 2 respectively.

Series 2: ion-flux controlled growth

Deposition temperature (°C) Bias voltage (V) Magnetic field (mT)

RT —100 0

300 2.5
4.5
6.5

results obtained gave an estimate of the overall metal content, nitrogen,
oxygen, and argon contents. The composition was extracted from a
50-100 nm range to avoid the top 5-10 nm which showed the presence
of surface oxidation.

Along with the plasma study, two film growth series were carried
out. The first one (series 1: ion-energy controlled growth) where the coil
magnetic field was set at 4.5 mT while the bias was varied from —40 to
—130 V and the second (series 2: ion-flux density-controlled growth)
where the bias voltage was set at —100 V and the coil magnetic field was
varied from 0 to 6.5 mT. Table 1 and 2 list out the deposition parameters
of the two series.

3. Results and discussion

As mentioned above, the work is split into three sections as shown in
Fig. 1. Results from these three sections are presented in the same order
as in the figure.

3.1. Plasma study

The I-V characteristics obtained from the flat probe for each mag-
netic field are shown in Fig. 2a. Similarly, -V characteristics were ob-
tained from the Langmuir wire probe as well (Fig. 2b). The floating
potential and plasma potentials for each coil magnetic field were
calculated from these I-V curves. Increasing the magnetic field from 0 to
4.5 mT affects the floating potential drastically where an increase from
—12.4to —19.0 V is observed when the coil is initially turned on. Further
increase of the magnetic field to 4.5 and 8.5 mT results in a decrease in
Vrfrom —17.9 to —11.8 V. Information on other electron properties can
be found in the supplementary information (Fig. S4).

The ion flux density (J;) was calculated from the ion saturation
current density (Jso;) using equation (2),

Jsu=eJ; (2)

where e is the charge of the electron. Jg, was in turn obtained from the
-V curves of the flat probe. An error of ~10% can be expected for the
ion flux density. Fig. 3 shows the ion flux and ion energy as a function of
the coil magnetic field. The ion flux exhibits an increasing trend around
the substrate as the coil magnetic field is increased. At the highest
magnetic field of 8.5 mT, J; is increased by an order in comparison to
when the coil is turned off at (0 mT). The ion energies (E;) were calcu-
lated using equation (3),

Ei= e(VSub - Vp) (3)

where Vg is the substrate potential. V), is the plasma potential
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Fig. 1. Flow chart describing the order in which the work has been conducted and, results have been described.
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Fig. 2. I-V characteristics acquired with coil magnetic fields of 0-8.5 mT from a flat probe (a) and Langmuir wire probe (b), respectively.
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Fig. 3. Ion flux (Ji) and ion energies (E;) were calculated considering the
negative applied substrate bias of 100 V using equation (2).

determined from the Langmuir wire probe I-V characteristics and was
found to be in the range of 1-3 V. When a bias voltage of —100 V is
applied to the substrate, the ion energies range between 100 and 103 eV,
i.e., the ion energies are determined by the applied negative bias voltage
and the plasma potential.

A few general conclusions can be made from the plasma study that

motivate the deposition parameters chosen for the thin film growth.
Higher magnetic field results in the plasma plume condensing in a
smaller area on the substrate (refer to images in Ref.15). While higher
magnetic fields do produce higher J; at the substrate, they also result in
higher stress and hence possible delamination. For these reasons, the
films grown in series 1 were deposited with sufficient ion flux density
near the substrate to achieve a high ion bombardment but without
reaching a stress level for the film to delaminate, thus the magnetic field
was set at 4.5 mT. This results in a ~7 times greater ion flux density at
substrate in comparison to when there is no magnetic field assistance.

3.2. Film growth

The microstructure and crystallinity of the samples grown in series 1
and 2 are described in this section. In brief, all crystalline films show a
NacCl B1 type structure (isotype of: CrN, ScN, TiN), which hereafter is
referred to as MeN B1, where Me is the sum of all metals (Cr, Fe, Co, Ni).

3.2.1. Series 1: Ion-energy-controlled growth

As noted above, the bias voltage applied to the substrate determines
the energies of the incident ions. The primary effects of increased ion
energy can be accelerated nucleation in the initial stages of growth and
re-sputtering of the deposited material in the later stages. This can in
turn lead to a change in composition, crystal structure, texturing, and
evolution of multiple phases [17,18]. In order to carry out a quick
screening and selection of the ion energy, multilayers were grown where
each layer was deposited with an increasing bias voltage. Here it is
important to consider that the observations described are not solely due
to the varying processes parameters. The fact that the growth is
dependent on the structure of the underneath layer can also influence
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Fig. 4. Cross-section STEM image of (CrFeCoNi)N multilayered film grown at room temperature (a) and 300 °C (b), constant magnetic field of 4.5 mT and with bias
voltage increasing from —40 V to —130 V. HRTEM images were acquired form the area enclosed in the red squares. (al-4) HRTEM and corresponding FFT images of
multilayered films deposited at room temperature, magnetic field of 4.5 mT and bias varied from —40 to —130 V. (b1-b4) HRTEM and corresponding FFT images of
multilayered films deposited at a temperature of 300 C°, magnetic field of 4.5 mT and bias varied from —40 to —130 V. FFT corresponding to b4 taken from area
enclosed in red box numbered 1lon Fig. 4b.
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Fig. 5. a) Plan view SEM image of (CrFrCoNi)N multilayer film grown at
300 °C. b) Cross section TEM image depicting two grain orientations. Sample
prepared by traditional polishing and ion milling. ¢) SAED pattern taken from
bulk of the film cross section. (d) and (¢) HRTEM images and corresponding FFT
patterns taken from the 200 and 111 oriented two grains respectively.

the results. The multilayers are considered to be stochiometric nitrides
although studies on CrN and VN films grown by dcMS and High-power
impulse magnetron sputtering (HiPIMS) suggest that as the bias voltage
is increased the nitrogen content in the film is decreased. This is due to
the difference in binding energies [19,20]. No conclusion can be made in
the case of the films in series 1 as Rutherford backscattering (RBS) re-
sults do not provide any information pertaining to the composition of
the individual layers (see Supplementary Information Fig. S4) Fig. 4a
shows the cross-section STEM image of the multilayered film grown at
room temperature while changing the bias voltage. The coil magnetic
field was fixed at 4.5 mT while the bias voltage was increased in steps
from —40 to —130 V. Distinct layers are found which are overlayed on
the columnar grains structure typical of physical vapor deposition (PVD)
deposited thin films. The columns are seen to increase in width with the
bias voltage from —40 to —130 V. A more pronounced effect of the bias
voltage on the crystallinity of films can be observed in the
high-resolution TEM (HRTEM) images and corresponding fast fourier
transforms (FFT) (Fig. 4 al- 4 a4). At lower bias voltages, the film grows
steadily in a dense, columnar, crystalline MeN B1 structure oriented out
of plane along the [011] zone axis. As the energy to the substrate is
increased, the film grows with a 002 texture. Further increase of the bias
voltage to — 100 V and higher results in Ar ion etching which may
promote the formation of defects. For example, for the growth of TiN
films, densification is observed along with increasing defect concentra-
tion in the film when the ion energies are increased [21-23]. In the case
of the Cantor alloy-based nitride films, it is possible that, the crystal
structure is damaged due to the increased incorporation of defects as the
ion energy is increased. Consequently, the films become amor-
phous/fine grained in nature.

When the additional parameter of substrate temperature is intro-
duced, the overall mechanism is more complex to understand as the total
energy brought to the substrate is higher. Fig. 4b shows the cross-
sectional STEM image of the multilayer grown at a higher deposition
temperature (300 °C) while changing the bias voltage (—40 to —130 V).
The complexity is already seen when comparing the FFT patterns of the
multilayer grown at room temperature and 300 °C (see right images in
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Table 3
Composition of monolithic (CrFrCoNi)N films in series 2, grown at room temperature
while increasing magnetic field from 0 - 6.5 mT estimated by ToF-ERDA.

Room temperature

Magnetic Total Nitrogen N/Me ratio  Argon Oxygen
field (mT) metal (+1 (£1 at. %) (£0.04) (+1 at.
at. %) %)

0 49.5 49.8 1.01 0.7 <0.1%

2.5 46.6 52.0 1.12 1.4

4.5 47.0 51.6 1.10 1.4

6.5 46.3 53.3 1.15 0.4

300 °C

0 53.4 46.5 0.87 0.1 <0.1%

2.5 52.9 46.9 0.89 0.2

4.5 50.2 49.6 0.99 0.2

6.5 49.5 50.2 1.01 0.3

Fig. 4al and 4bl), where the increase in deposition temperature pro-
motes the crystallization of smaller grains with multiple orientations as
indicated by more spots in the FFT pattern. From the overview for the
cross-section STEM image of the film grown at 300 °C (Fig. 4b), the
individual layers are not clearly seen however a change in the grain
growth is observed. The individual layers display a competitive growth
where the column width is seen to increase as the bias voltage is
increased from —40 to —130 V. The selected area diffraction patterns
(SAED) acquired from the bulk of the film in cross-section direction
indicate that the films display a NaCl B1 type structure (Fig. 5c). The
HRTEM (Fig. 4b1-4b4) and corresponding FFT’s taken from the regions
marked in red give us more information regarding the crystallinity of the
film. At lower ion energies, the film exhibits a dense randomly oriented
polycrystalline structure as evidenced by the HRTEM image (Fig. 4b1)
and corresponding FFT. When the bias voltage is increased to —70 V the
FFT shows an increase in the crystallinity with the occurrence of
reflection from the (111) and (200) planes (Fig. 4b1 and corresponding
FFT) of the MeN B1 structure. As the bias voltage is further increased the
reflection from these plains become well defined suggesting the coars-
ening of grains (Fig. 4b3 and corresponding FFT). At the highest bias
voltage of —130 V the majority of the grains display a 200 texture with.
high crystallinity and visibly larger grains. When the ion energy is large
enough, ion-atoms interactions cause the atoms to re-sputter and form
adatom clusters on the surface of the films [24]. In this case these
clusters crystallize with a 200 texture that can be observed in the surface
images of the multilayer film grown at 300 °C (see Fig. 5a). A closer
inspection of the TEM micrographs (Fig. 5b) shows that the (111) ori-
ented grains originate from the first layer.

The structural analysis of the films in series 1 demonstrates the ef-
fects of ion energy over the effect of the ion flux density. The multilayer
grown at room temperature becomes completely amorphous when the
energy of ions bombarding the films is high, while the multilayer grown
at 300 °C remains crystalline (bias voltage greater than —100 V, ion
energies >100 eV). We see a transition in terms of crystallinity occurring
in both temperatures when the ion energy is ~100 eV. This point of
transition would be an interesting starting point to study the effects of
the ion flux density on film growth. Therefore, the films in series 2 were
grown with a constant ion energy of ~100 eV while gradually incre-

menting the ion flux density from ~1.5 x 10'% to ~8.5 x 10'* ecm™2s71.

3.2.2. Series 2: Ion-flux-density-controlled growth

By maintaining the ion energy and increasing the flux, the density of
Ar ions at the substrate increases. The effects on film growth can be a
continuous etching and removal of lighter elements which leads to a
change in composition and phase, increased surface kinetics leading to
stabilization of new phases or texturing of the films and a change in the
residual stresses of the films. Table 3 gives the composition of the films
grown at room temperature and 300 °C. The deposition rate of the films
showed no particular trend and remained between 4 and 4.6 nm/min.
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c)4.5mT d) 6.5 mT

Fig. 6. SEM micrographs of (CrFeCoNi)N films in Series 2 grown at room temperature while keeping the bias voltage at constant at —100 V and varying the magnetic
field from O to 6.5 mT (a-d) and (e-h) (CrFeCoNi)N films grown at higher deposition temperature with same processes parameters.

@ |a) Room temperature b)300°C §
S | si Si 5
=
2 b 6.5mT ﬁ A S 6.5 m’
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g . 4.5mT 45mT
£
= l 25mT 25m
2
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20 (degrees)

20 (degrees)

Fig. 7. XRD diffractograms of series 2 a) (CrFeCoNi)N films grown at room temperature while keeping the bias voltage at constant at —100 V and varying the soenoid
coil magnetic field from 0 to 6.5 mT and (b) (CrFeCoNi)N films grown at higher depositon temperature with same processes paramaters.

From Table 3 we observe that the change in N/Me ratio is similar for
both room temperature depositions and high temperature. The trends in
composition change are however different. In the case of the room
temperature films, when the magnetic field is at 0 mT the films are
stochiometric nature. As the magnetic field is increased the films
become over stochiometric. The films grown at higher temperature
show a different trend where without the assistance of the magnetic field
the films are under-stochiometric in nature and become stochiometric as
the magnetic field is increased.

Fig. 6 shows the SEM micrographs of the films in series 2. The films
grown at room temperature while increasing the magnetic field do not
show any distinct features. The films grown at higher temperature,
however, show a change in the surface morphology with increasing ion
flux. The film grown without the assistance of the coil shows a scale like
morphology. A similar morphology is seen when the coil is turned on to
produce a magnetic field of 2.5 mT. As the magnetic field is increased to
4.5 mT and further, a change in the morphology is observed. The grains
are more symmetrical and rounder in nature.

Fig. 7a shows the X-ray diffractograms of the films grown at room
temperature while increasing the magnetic field at the substrate. The

films do not show any diffraction peaks and appear X-ray amorphous
irrespective of the ion flux during growth. X-ray diffractograms of the
films grown at 300 °C are presented in Fig. 7b. The higher temperature
initiates crystallization of the film. When the magnetic field is 0 mT a
single peak is observed corresponding to the 200 reflection of a MeN B1
phase with a lattice parameter of 4.06 + 0.02 A. This trend continues as
the magnetic field is increased however the peak intensity is reduced
which may indicate a decrease in concentration of the particular phase.
When the magnetic field is at 6.5 mT, the film starts to show the effects
of the increased ion flux. A peak at 35.6° appears in the x-ray dif-
fractogram which does not correspond to the 111 reflection of the MeN
B1 and hence may be considered to belong to a secondary phase. This is
confirmed not only from the 0-20 scans but also from grazing incidence
angle XRD (GIXRD) (see Supplementary Information Fig. S6, Fig. S7 and
Table S1) and SAED patterns (Fig. 8).

These result may seem a bit surprising since studies on ion assisted
film growth of TiN demonstrated that the increased flux of ions at the
substrate alters the surface kinetics of the metal atoms and influences the
texture [25-28].

Here, when the ion flux density is low, the multicomponent films
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Fig. 8. SAED pattern taken from the (CrFrCoNi)N film cross-sections. (a) film
grown at 300 °C without the coil. Diffused spots correspond to the MeNj s
Blstructure with lattice parameter of 4.06 + 0.02 A. (b) film grown at 300 °C
with the magnetic field set at 6.5 mT. Rings marked in red correspond to the
cubic phase with lattice parameter of 4.42 + 0.02 A.

have a structure similar to the NaCl structure of CrN where Cr in the
lattice is mostly replaced by, Fe, Co, Ni with a smaller atomic radius than
Cr. CrN has a lattice parameter of approximately 4.13 A (ICDD reference
code: 01-074-8390). In the case of the multicomponent films, at lower
ion flux density the films are understoichiometric and have a NaCl-like
structure with a lattice parameter smaller than CrN (MeN;_5 B1- 4.06 10\).
This substoichiometric MeN;_s phase appears regardless of coil magnetic
field, with the same cell parameter. As the ion flux density is increased,
the N3 ion concentration at the substrate is also increased resulting in a
stochiometric composition but with the appearance of the secondary
phase (Fig. 8b, Table 3).

From XRD, GIXRD and SAED patterns, the detected reflections could
be assigned to a cubic material system which is should be rich in ni-
trogen due to the overall composition of the film (Me/N = 1). The lattice
parameter of this cubic phase determined from BB-XRD, GIXRD and
TEM was 4.42 A (See supplementary information, Table S1).

4. Conclusion

We have investigated the effects of ion energy and ion flux density on
multicomponent CrFeCoNi nitride films. The ion flux density at the
substrate was controlled by applying a magnetic field at substrate po-
sition. At room temperature, the films became increasingly amorphous
when the ion energy increased (—40 eV to —130 eV), while the ion flux
density had no significant effect on the crystallinity or morphology of
the films. For the films grown at 300 °C, the higher ion energy promotes
the crystallization of larger grains and multiple orientations. The ion
flux density influences the morphology, composition, and phase for-
mation in the multicomponent films. Higher ion flux results (>6 x 10'*
em~2s71) in the increased nitrogen incorporation in the films. Magnetic-
field-assisted growth technique can be used to control the structure of
multicomponent nitrides without compromising the deposition rate.

Since Cantor alloy-based thin films are finding applications as hard,
wear-resistant, corrosion and oxidation-resistant coatings, what is
needed is a fundamental understanding of the material system and
strategies to improve film properties. The results presented in this paper
could serve as a guideline for understanding the effect of energetic
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particle bombardment in Cantor alloy-based systems for future studies
using HiPIMS.
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