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Abstract

The effect of magnetic biasing on the structure of Cr-N coatings deposited on silicon substrates by reactive
magnetron sputtering has been investigated. The magnetic biasing setup consisted of a permanent
magnet placed close to the substrate holder to modify the plasma species dynamics and deposition flux.
Three magnetic field configurations for reactive direct current magnetron sputtering (R-DCMS) and
reactive High Power Impulse Magnetron Sputtering (R-HiPIMS) were compared. Deposition parameters
such as deposition time, gun power, substrate distance, temperature, gas pressure, and gas composition
were constant through the six R-DCMS/HiPIMS-magnetic-field combinations. Processes were monitored
through optical emission spectroscopy (OES) and closely compared to the voltage and current curves at
the target/substrate. An excitation mechanism was proposed accounting for the enhanced ionization
detected by OES and the implications in the film’s growth. The films’ stoichiometry, structure, thickness,
morphology, and crystal texture were characterized and associated with the process parameters. The R-
DCMS processes led to Cr-N solid solution films, while the enhanced reactivity of R-HiPIMS plasma species
increased the N content and formed CrN. Overall, the R-DCMS deposited samples were thicker than the
R-HiPIMS deposited samples, but the different magnetic field biasing setups allowed for specific control

of films’ thickness, texture, and microstructure.



1. Introduction

The ability to control the surface of materials lies at the heart of cutting-edge materials research. Various
techniques can be pursued to deposit thin films and nanostructures, and in the gas phase, sputtering
techniques have found widespread use in many industrial sectors because of their coating uniformity [1-
4]. Sputtering techniques have had several variations over the last 50 years. The most straightforward
configuration is perhaps the direct current (DC) sputtering, where an electric field accelerates ions from
the glow discharge plasma, usually Ar ions, to sputter atoms from the cathode (target material). This basic
technique was improved by adding magnets behind the cathode target, which was coined as magnetron
sputtering discharge. This implementation adds a crosswise magnetic field over the cathode, increasing
the path length of electrons, decreasing scattering, and increasing ionization and deposition rates [4—6].
When a magnetron sputtering discharge is driven by dc voltage or current, it is called a dc magnetron
sputtering (DCMS) discharge. More recently, improvements were obtained by using pulsed power
magnetron sputtering processes. In this case, low to mid-frequency pulses in the tens to some thousand
Hz helped stabilize the arcs during sputtering [2—4,7,8]. This advance allowed defect-free coatings of
metals and oxides. This modification also allowed to impose much higher peak power on the targets,
changing the dynamics of the process. This latter option is called High Power Impulse Magnetron
Sputtering (HiPIMS or sometimes HPPMS), and it has benefits when processing complex-shaped
substrates making it an attractive alternative for new research areas. The HiPIMS techniques operate at
the same pressure regimes as DC magnetron sputtering, but they were also initially designed to provide
enhanced film properties to large-scale production applications. In the beginning, large banks of

capacitors on the core of these HiPIMS sources made them cost-prohibitive.



Recent improvements in the HiPIMS technology made these power supplies available for research,
demonstrating higher performances over DC and DCMS in various aspects. Adjusting HiPIMS process
parameters like peak target current, pressure, pulse width, and magnetic field strength, the degree of
ionization of the sputtered flux and the diffusional atomic processes can be controlled [2,9-14]. Most of
the literature about highly ionized fluxes generated by HiPIMS reports dense and smooth films obtained
with excellent control over microstructure, composition, and properties [2,12,15-26]. However, all these
advantages are also accompanied by deposition rate losses, sometimes over 70% compared to DCMS and
conventional magnetron sputtering operating at the same power [2,9,10,12,13,26—30]. These decreased
deposition rates have shadowed the numerous advantages for HiPIMS processes delaying some industrial
applications, and finding alternatives to overcome this drawback is of utmost importance. Investigations
to understand the nucleation and growth on a fundamental level [8,12,15,22,31-34], applying secondary
electromagnetic fields near the substrate [30,35—-38], and new designs of magnetron systems [2,10,35,39]
have shown possible paths to increase the deposition rate on HiPIMS processes. It is expected that
additional electromagnetic fields will influence ionized species’ transport from the target to the substrate;
thus, the current work hypothesizes that redesigning the electromagnetic fields in HiPIMS systems can
define ions’ energy and trajectory to control the thin films’ deposition rates. In a study, the deposition of
CrB,, Al, and Cu films by HiPIMS and using a secondary magnetic field close to the substrate and aligned
to the magnetron’s outer poles of the target showed enhancements up to 15% in deposition rates when
comparing with DC magnetron sputtering [37]. The same authors also demonstrated another 30% rate
improvement if a negative bias was applied to the substrate [37]. Other experiments have led to about
20% increases in the deposition rate of HiPIMS by using a strongly unbalanced magnetron compared to
conventional unbalanced magnetrons, leading to a more confined plasma and limiting the ion losses to

the walls [40].



More in-depth structural characterization analysis of the Al and Cu films obtained with secondary
electromagnetic fields showed changes in crystallographic texture with preferential orientation in the
direction [111] [37]. Similarly, the ceramic films CrB; exhibited an increase in the deposited films’ hardness
using the secondary coils [37]. Optimized magnetic field configurations of magnetrons assemblies aiming
at low plasma impedance have shown thicker, denser, and with superior adhesion CrN and TiN coatings
than coatings deposited by conventional DC magnetron sputtering or arc evaporation [41]. Nevertheless,
it was also demonstrated that CrN DC magnetron coatings grew with a preferential orientation along the
[111] direction while the HiPIMS along the [200] direction [41]. Therefore, adding a secondary magnetic
field or optimizing the magnetron’s strength systems modify the depositions rates and provide control
over the structure for either DCMS or HiPIMS processes.

A higher degree of ionization of sputtered material and dissociation of gas species will lead to excellent
control over the films’ composition during reactive DCMS (R-DCMS) or reactive HiPIMS (R-HiPIMS). The
configuration and magnetic strength modification has promoted higher ionization degrees, control of
reactivity, and the magnetic fluxes will impact the trajectory and kinetic energy of the plasma species
[12,29,35,41]. Several authors have investigated the topic of species distribution for DCMS and HiPIMS
processes [11,33,35,42], yet the link of the resulting species distributions with the film stoichiometry,
structure, and deposition rate is rarely explored. The establishment of these links will allow for coating’s
tunability with specific control of deposition rate, selective deposition or patterning, compositional

gradients, crystal texture, or even tailoring final properties.

The present work explored the magnetic field substrate biasing correlations of Chromium-Nitrogen R-
DCMS and R-HiPIMS films with the chromium ions’ ionization state by in situ optical emission spectroscopy
and their structural and morphological properties. The strong correlation of magnetic biasing with the
different film aspects opens a new panorama for discovering new structures and a road to create a new

advanced surface modification method for coatings-based manufacturing at nano and micro scales.



2. Materials, Methods, and Processes

2.1. Sputtering System Setup

The schematic of the magnetron sputtering system used to deposit the chromium — nitrogen (Cr-N) films
onto silicon substrates is shown in Figure 1. The system is equipped with two 2-inches magnetron guns
(only one is showed in Figure 1) and a sample holder stage to coat flat or powder specimens. The system
can generate plasma using three options of power sources, a CESAR ® 300 W RF, an MDX ® 500 W DC, or
a 2 kHz 2 kW IMPULSE ™ from Starfire Industries with the POSITIVE KICK™ option to allow a voltage
polarity inversion at the target. In addition, the RF and DC power sources can be used to electrically bias
the substrate or use them as power sources to perform plasma etching at the substrate surface prior to
processing. The sample holder may be continuously adjusted to change the gun to substrate vertical
position and offer horizontal positions aligned to any of the guns or mid-point of both. The sample holder
has also been adapted with temperature monitoring, float-ground-voltage biasing and monitoring,
removable permanent magnet (magnetic biasing at the substrate), and actuators to induce vibration in
powder specimens. The setup allows monitoring the plasma optical emission wavelengths at a gun-to-

substrate vertical distance of 40 mm.

Generators 7.5Vol%
Ar
Optical Emission Magnetic é! 92.5 Vol%
Spectroscopy Bias

trrrsir.

Sample
O z : Holder

Vibration |/~ [
actuators

Substrate Holder

:@ @ @@ @]\ Monitoring and

Electrical Bias/Etching

Figure 1. General sketch of the magnetron sputtering system.



2.2. Process Parameters

2.2.1. Substrate and Target Material

The films were deposited on silicon wafers substrates with nominal resistivity of 1-100 Q cm with a crystal
orientation in the direction [100]. Samples were cut to an area of about 12 cm?, rinsed with acetone, and
dried with nitrogen before located at position 1, aligned with the torus ® gun. The gun was loaded with a
2 inches chromium target of 99.95% purity. The substrate to gun distance was fixed to 80 mm. The
substrate-to-ground impedance was set between 5.5 MQ and 6 MQ, without imposing external electrical

bias allowing self-biasing.

2.2.2. Magnetic Field Details

The evolution of the structure of the films deposited by R-DCMS and R-HiPIMS subjected to a magnetic
field was investigated. A permanent magnet using different orientations was placed at the substrate side
to modify the magnetic field in the chamber (hereafter denoted as magnetic bias). The magnetic field of
the gun and on the surface of the substrate with magnetic bias were mapped with a 475 DSP Gaussmeter
from Lake Shore Cryotronics Inc. using an axial Hall probe of 4.75 mm of diameter (part number HMNA-
1904-VR). Table 1 corresponds to the magnetic field measurements at the target’s surface (0 mm) and a
fixed gun to substrate distance of 37 mm without the substrate holder inside the system. Meanwhile,
Table 2 presents the magnetic field at the substrate’s surface on the holder with magnetic bias
configuration before introducing it to the system. Due to geometric restrictions of the Hall probe and gun
to substrate distance, the direct measurement of the magnetic field, with gun and substrate in place,
could not be done. Instead, the data in Table 1 and Table 2 were used to model the magnetic field of each
configuration. The calculations assumed the setup as axisymmetric around the Z-axis. The modeling was

carried out using ANSYS electronics desktop 2019, and it is presented in Figure 2.



The magnetron gun consists of two permanent magnets. The shape of and orientation of the magnets
corresponds to two concentric annular rings in antiparallel magnetic geometry. Only half of the
magnetron magnets’ cross-sections are shown at the top of Figures 2a through 2c to take advantage of

the modeling’s axisymmetry.

Table 1. Measurements of the magnetic field at the gun without magnetic biasing at the substrate.

Horizontal position from the Gun to substrate distance Magnetic Field magnitude
center of the magnetron gun (mm) (mT)
(mm)
-31 0 100
-31 37 6
-25 0 100
-25 37 9.04
0 0 49.2
0 37 9.77
25 0 90.9
25 37 8.85
31 0 89.5
31 37 5.38

Table 2. Magnetic field at the substrate surface with magnetic biasing.

Horizontal position from the center of the magnet Magnetic field (mT)
(mm)
-12 235
0 98
12 228

The modeling and experiments were carried out using three different magnetic configurations in the
system. The first configuration shown in Figure 2a does not use any permanent magnet at the substrate,
and it is denoted as NM, which is the conventional configuration used in magnetron sputtering. In the NM
configuration, the field lines generated in the inner ring closes in the outer one, but not all the lines

generated on the outer annular ring pass through the central magnet. The other two configurations



presented in Figure 2b and Figure 2c use a permanent N52 neodymium magnet with a cylindrical shape
of 14.75 mm of radius and 5.66 mm thickness behind the substrate surface. In the configuration described
in Figure 2b, the substrate magnet poles are aligned with the gun’s central magnet, and it is denoted as
MT. Then, the field lines generated on the substrate’s magnet close on it without pairing with those from
the magnetron gun. The configuration in Figure 2c is denoted as Mll since the magnet poles are flipped
from the MT setting and are now aligned with the gun’s outer poles. The field lines of the MlIl configuration
pair with some of the ones from the gun’s outer magnet. The estimated field lines at the surface of the
substrate in each magnetic setup (assuming the whole setup of gun and magnetic bias) are shown in Figure
2d. It is observed from the plot that distribution of field lines across the substrate surface is constant for

the NM configuration and almost antisymmetric for MT and MII configurations.
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Figure 2. The magnetic field for each set of experiments. a. No magnet in the substrate holder, NM
configuration. b. magnetic biasing MT configuration. c. magnetic biasing Mll configuration. d. Magnetic

field lines at the surface of the substrate.

2.2.3. Plasma Generation and Deposition Monitoring

The effect of magnetic biasing on the deposition rate, morphology, structure, and composition of Cr-N
films on Si substrates prepared by reactive DC and high power impulse magnetron sputtering deposition
techniques was studied. The samples prepared by R-DCMS will be identified with the prefix DC while the
ones prepared by R-HiPIMS with the prefix HP. A total of six combinations of plasma generator and
magnetic configurations were deposited with an average power of 100 W for 20 minutes at room
temperature. For the deposition processes, the chamber was evacuated to a base pressure of 1E-6 Torr
or below. Then, a gas mixture of 7.5 volume % of nitrogen in argon was used to set the pressure to 15
mTorr. The concentration of nitrogen in the gas mixture was selected to minimize the target-poisoning

effect.

The operation voltages for the R-DCMS processes were set in the range of 335 V to 348 V in the power
control function. The voltage, current, and power data were obtained from the MDX-500 internal
measurement. While the delivered power is treated as time-independent for the R-DCMS processes and
set to a continuous voltage, four time-dependent steps were configured in the R-HiPIMS processes.
Sputtering pulse (SP) set to 850 V by 65 ps with low output impedance, delay to positive pulse (DP) set to
4 ps at high output impedance, positive pulse (PP) set to 150 V by 20 us with low impedance and after-
pulse (AP) at high output impedance. The HiPIMS power was controlled by varying the after-pulse width
ranging it from 98.9% to 99.3% of the whole cycle’s period. During the monitoring of the HiPIMS processes,
aTA-271 Pico passive probe in a digital differential oscilloscope Pico 4444 was used to measure the voltage

and current waveforms on the monitoring ports of the IMPULSE™. Similarly, for R-DCMS and R-HiPIMS



setups, the substrate-to-ground voltage was registered using a 442 Pico passive probe with an attenuation

of 25:1.

The plasma species were monitored through a quartz viewport using a 600 um fiber optic attached to a
collimator located approximately in the middle point between the target and the substrate. The distance
from the viewport to the center of the axis between the target and the substrate is ~ 165 mm. The optical
emission spectra (OES) were registered using an Ocean Optics FLAME spectrometer in a wavelength range
of 270 nm to 550 nm and an optical resolution of 1.69 nm. The estimated attenuation for the optical setup

can be observed in the supplementary data Figure A.1.

2.3. Films Characterization

The chemical analysis was carried out by X-ray photoelectron spectroscopy and X-Ray Diffraction. The XPS
spectra were collected in a PHI VersaProbe Il with a monochromated Al k-Alpha X-ray source set it up to
200 um spot and 50 Watts. The survey scans were gathered with a pass-energy of 280 eV with 1 eV step,
while the high-resolution spectra used a pass-energy of 26 eV and 0.05 eV step. The XPS step time was
held to 20 ms in all measurements. All analysis positions were pre-sputtered by 3 minutes with Ar before
collecting the XPS spectra. The spectra were corrected using the carbon adventitious signal at 284.8 eV.
The data was analyzed using CasaXPS software version 2.3.22PR1.0. The grazing incidence X-Ray
Diffractograms (GIXRD) were obtained in an EMPYREAN MULTIPURPOSE X-RAY Malvern Panalytical
diffractometer with a Cu X-Ray tube. All GIXRD were collected with an w incidence angle of 7.5° and 0.05°

20 step size.

Cross-sectional images at various substrate locations were used to measure coating thicknesses and to
evaluate the structure. The cross-sections and lamellas across the surface of the films of each
configuration were prepared using a dual focus ion beam and scanning electron microscope FIB-SEM

AURIGA from ZEISS. A platinum coating protected the surfaces during milling a groove of 10 um width and

10



5 um depth. The cross-sectional FIB-SEM images were done at an angle of 54°, leading to an x:y pixel

aspect ratio of 1:1.236. Each thickness evaluation included at least six measurements using ImageJ V1.52a.

The Cr-N films’ surface was evaluated using a SU-70 field-emission scanning electron microscope (FE-SEM)
from Hitachi. The transmission electron microscopy (TEM) and selective area electron diffraction (SAED)
used in the DCMII were done in a JEOL JEM-F200 at 200kV and with a camera length of 500 mm. All

electron microscopy images were processed with Imagel V1.52a.

Additional texture measurements were done by X-ray diffraction in the EMPYREAN MULTIPURPOSE X-ray
Malvern Panalytical diffractometer. The chosen crystallographic Bragg reflections for the pole figures
were (200), (110) for Cr (ICDD 00-001-1250), and (111), (200), (220) for CrN (ICDD 00-011-0065). The
intensity of the Bragg reflection was measured by sweeping ¢ azimuth angle from 0 to 360, and y polar
tilting angle from 0° to 75°, both with a step size of 3°. The pole figures were processed and plotted using

a python algorithm and OriginPro 2021.

3. Results and Discussion

The fixed deposition time of 20 min and power of 100 W for both DCMS and HiPIMS with the three
magnetic configurations allows for a straight comparison of samples. The process monitoring section
provides information about the plasma species and the impact of magnetic biasing on the deposition
dynamics. Then, a comprehensive coatings characterization is presented and evaluates multiples aspects
of the chemistry, deposition rate, morphology, and structure associated with the combination of plasma

generator and magnetic configuration.

3.1. Process Monitoring

The waveforms showed in Figure 3a, Figure 3b, and Figure 3d account for the delivered voltage (Vo),

current (Ip), and power through the target (Pp), respectively. Figure 3c corresponds to the self-bias voltage
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at the substrate (Vs) due to the interaction of its surface and the plasma. An alternative representation of
Figure 3 is available in supplementary data Figure D1. During the R-HiPIMS processes, the oscilloscope’s
trigger has been set to register the SP, DP, PP steps, and partially the AP step until the voltage and current
returned to zero. For the R-DCMS processes, the voltage and current in Figure 3 have been chosen

arbitrarily with the same 250 us span of the R-HiPIMS waveforms.

The voltage shape in Figure 3a states that the power control in the R-DCMS processes held the voltage at
the target at less than half of the SP voltage set in the R-HiPIMS processes. The target voltage waveform
for the three HiPIMS processes follow the same shape during the SP,DP and PP, but decays differently to
zero during the AP step, having HP NM the longest decay time and HP MII the shortest one. From the
current at the target in Figure 3b, it was observed that the R-HiPIMS processes during the SP step were
three orders of magnitude higher than in the R-DCMSs. Among the R-HiPIMS processes, HP NM held the
lowest peak current and power. All processes hold the same average power of 100 W; however, the peak
power for the R-HiPIMS processes in Figure 3d is three orders of magnitude larger than the R-DCMS ones
with the same conditions. In Figure 3c, the self-bias effect in the DC samples is a continuous negative
voltage at about -7 V, but the HP samples evolved in five stages. In the first microseconds of the SP step,
the HP samples charge negatively. The inset in the top right of Figure 3c shows that HP NM reached the
highest negative biasing among the three in this first charging stage. Above 30 pus, the voltage at the
substrate trended to stabilize at the same voltage of the DC samples. During the positive pulse at 150 V in
the target, the self-bias voltage at the HP substrates flipped polarity too and trended to stabilize at 140 V.
However, the voltage at HP NM sample was faster flipping polarity in the first microseconds of the PP

step, or decaying to zero during the AP step.
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Figure 3. a. Discharge Voltage (Vp). b. Discharge Current (Ip). c. Voltage at the substrate (Vs). d. Power at
the target (Pp). During sputtering pulse (SP), delay to positive pulse (DP), positive pulse (PP), and after-

pulse (AP).

Table 3 summarizes the peak power and average energy released through the plasma generator in each
pulse step (calculated as the area under the curve of the power waveform in Figure 3d). At the SP step,
the released energy was almost three orders of magnitude lower for the R-DCMS processes than for any
of the R-HiPIMS processes. On the other hand, during the first 400 ps of the AP, the highest released
energy was for HP NM and the lowest for HP MIl among the HP processes. This latter result is coincident
with the voltage decay length observed in Figure 3a. However, it is essential to notice that these
waveforms depend on the combinations of the species excitation and decay, and the different output

states and impedance of the plasma generator. Therefore, the analysis of these curves can only give
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qualitative information about the plasma dynamics due to the involvement of the output stage of the

plasma generator.

Table 3. Peak power and average released energy in each pulse step.

Sputtering Pulse (0 ps to 65 ps)

Process DC NM, DCMT & DC Ml HPNM HPMT HPII
Peak Power (kW) 0.10 16.08 19.71 18.47
Released energy pulse (J) 6.44E-03 8.83E-01 1.07E+00 1.01E+00

Delay and Positive Pulse (65 ps to 89 ps)

Process DC NM, DCMT & DC MlI HPNM HPMT HPII

Released energy pulse (J) 2.40E-03 2.75E-02  3.02E-02 2.89E-02
After-Pulse (89 ps to 500 ps)

Process DC NM, DCMT & DC MlI HPNM HPMT HPII

Released energy pulse (J) 4.11E-02 2.14E-02 9.51E-03 1.68E-03

Figure 4 presents the optical emission spectra for the processes under analysis. However, before jumping
into the scrutiny of relative intensities, it is crucial to consider the optical attenuation shown in the
supplementary data Figure A1, particularly in the range of 270 nm to 360 nm. All spectra in Figure 4 have
been normalized to the peak at 520.7 nm. The emission intensity peaks at 284.32 nm and 313.20 nm are
related to Cr(+) species. The emission peaks at 302.19 nm, 426.20 nm, 435.03, and 520.70 nm were
identified as Cr(0) species. While the N, species were identified by the headbands of the second positive
system N,(0)at 315.93 nm and 337.13 nm, and N,(+) charge species by the first negative system at 391.44

nm [43,44].

Overall, all the R-DCMS processes showed Cr(0) as the predominantly existing target species in the plasma
except for the presence of small Cr(+) peaks at 284.32 nm and 313.20 nm in DC Ml (inset for DC Mll in

Figure 4). As expected, all the R-HiPIMS processes showed a combination of both Cr(0) and Cr(+) species.

14



Even more, the intensity of the Cr(+) emission peak at 313.2 nm for HP Ml was stronger than the Cr(0)
emission peak at 520.7 nm. Another critical observation for R-HiPIMS processes, in general, is the

appearance of relatively high-intensity N»(0) peaks at 315.93 nm and 337.13 nm.

O N,(0) ® N,(+) ® Cr(+) < Cr(0)
DC NM

Normalised Optical Emission Intensity (a.u.)

280 320 360 400 440 480 520
Wavelength (nm)

Figure 4. OES plasma spectra for all sputtering processes with identification of nitrogen and chromium

species. The insets at DC spectra correspond to a zoom in in the range of 270 nm to 330 nm.

The results in Figure 3, Table 3, and Figure 4 evidence the affectation of the plasma species and ionization
of sputtered material due to magnetic biasing for both R-DCMS and R-HiPIMS processes. The voltage
decay at the target in Figure 3a during the AP step for the R-HiPIMS processes with magnetic biasing is

faster than without it. This decay may be due to a shorter lifetime of the species once the generator
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switches to high impedance. The field shape in Figure 2c may configure a magnetic confinement bottle
for the MII configuration that increases the collision among the species in the bulk of the plasma, leading
to a higher ionization during the SP step and a faster decay during the AP step. This ionization route may
explain the enhanced intensity of the Cr(+) peaks in the HP MII process and their detection in the DC Ml
in Figure 4. On the contrary, the field in Figure 2b for the MT configuration shows that the magnetic shape
may leak charged species from the bulk of the plasma towards the vessel walls, ruling out a higher
ionization. A second feature is the observed self-biasing effect at the substrate in Figure 3c. The substrate
surface charges electrically due to the arrival of ions and electrons during sputtering deposition
[3,5,28,45—-48]. However, the substrates in HP NM were more negatively biased during the SP step, and
they were the first to flip polarity during the PP step. During the SP step, the negative voltage at the target
pulls all cations, and mostly electrons reach the substrate, but during PP step the positive charge species
are kicked out from the target and reach the substrate inverting its polarity [11,35,42,48,49]. Therefore,
the lower electrical charge for the magnetically biased samples can be related to a lower charge particle

flux at the substrate.

The magnetic flux in Figure 2d predicts a distribution of magnetic field lines at the substrate surface for
HP MIl and HP MT configurations that may reflect a fraction of the charged particles from the substrate
to the bulk of the plasma [50,51]. This assumption is consistent with the self-biasing curves for the R-
HiPIMS processes seen in Figure 3c. This reflected species may thermalize the species in the plasma bulk
and boost the ionization of sputtered material observed in HP Ml spectrum and DC Ml inset in Figure 4.
However, the increased ionization of sputtered material for sample DC Ml is still negligible because of the

low electron density in R-DCMS processes compared to R-HiPIMS processes.

The effect of magnetic biasing may be explained using the schematic representation given in Figure 5.
Relevant mechanistic events are highlighted with roman numbers. Particularly the events (1) through (VI)

have been described by other authors in the context of DCMS and HiPIMS processes [27,40,52,53], while
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the events (IV), (VI), (VII), and (VIII) should be adapted to the magnetic biasing case. As stated before, the
clever design of a magnetron sputtering gun increase the path length of electrons during the plasma
discharge, enhancing the probability of collisions with gas molecules [5,8]. These collisions lead to gas
ionization (l). The newly gas ionized species can be accelerated to the target surface. The impact of the
ions on the target surface may produce secondary electrons that feed the electric discharge, may sputter
surface atoms (ll), may lead to species implantation and target poisoning, or may recombine and bounce,
returning to the bulk of the plasma (lll) [4,54,55]. The sputtered target species travel through the plasma
bulk and may reach the substrate surface (V). The sputtered material may be ionized while crossing the
plasma if the electron density is high enough, typical conditions in HiPIMS discharges. Depending on the
kinetic energy of this ionized material, these ionic species may runaway and become part of the film
deposition on the substrate (IV), be lost sideways at the reactor’s walls [40,52,53], or be accelerated
towards the substrate leading to self-sputtering (V) [27,56] or target poisoning [8,17,52,55]. The collision
of gas and sputtered species, neutral and ionic, thermalize the plasma bulk and may lead to gas rarefaction
(VI) [4,8,52,55,57]. The magnetic biasing adds mirroring and confinement effects. In both MT and M|
configuration (refer to Figure 2b and Figure 2c), the magnetic field configuration reflects the electrons and
ion species from the substrate towards the plasma bulk (VII). This reflection effect can enhance the
collisions between species with further thermalization of the plasma (VIII) or enhancement of the

ionization rate.

In the MII configuration, the field lines indicate a magnetic confinement bottle that explains the enhanced
ionization. In the case of MT, the divergent shape of the magnetic field configuration allows species to
leak towards the reactor walls, and the electron density may not be high enough to affect the ionization
process of sputtered material. In fact, the OES spectra in Figure 4 reveal ionization enhancement for DC
MIl or HP MIl but no for DC MT or HP MT. Similarly, magnetic biasing may affect the neutral species

excitation process due to an increased collision rate suggested by the waveforms in Figure 3, but it was
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not corroborated in this work by any method. Finally, these phenomena are expected to affect the
deposition flux (V). The altered magnetic field of the magnetic biasing will influence the ionic or excited
sputtered species differently. Since magnetic biasing has a mirroring effect in the ionic species, the
deposition rate of these species will drop in the two options discussed in this paper. On the other hand,
the magnetic field will interact with the magnetic moments of the neutral metal species (Me) [58], and if
this interaction is strong, the deposition flux will be affected. The magnetic confinement bottle in the close

option MIl may guide the metal species with high magnetic moments towards the substrate [58-61].
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Figure 5. Schematic representation of the sputtering processes with magnetic biasing.

3.2. Chromium-Nitrogen Bond

The XPS analyses of DC NM, DC MT, HP NM, HP MT, and HP MIl samples were performed at three random
locations and uncertainty is given by the standard deviation of the three measurements with one decimal
place. In addition, a more detailed analysis was performed for the DC MlIl sample since it evidenced two
concentric circles with a radius of about 4.9 mm and 15 mm (supplementary data Figure B1 and B2g).

Thus, two measurements were taken at the center of the sample (~*0 mm), two right after the first circle
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(~6 mm from center), and two beyond the magnet’s radius (~*17 mm from center). The survey scans
revealed that all samples principally contained Cr, N, and O, and their composition in atomic percentage
is summarized in Table 4. The HP samples contained more nitrogen and less oxygen than the DC samples.
Among the DC samples, DCMT sample led to the highest atomic percentage of nitrogen, while in HP

samples were similar with slightly higher N content for the magnetic-biased samples.

Table 4. Films composition measured by XPS survey scans.

SAMPLE Atomic Percentage % )

ID Position Cr N (o) Cr/N ratio
DCNM  N/A 56.7 + 07169 + 02| 265 + 0.5 3.36
DCMT N/A 47.4 + 25265 19| 26.1 * 4.2 1.79
CENTER | 56.9 % 1.0]21.2 + 13| 219 +* 0.2 2.68

DCMII  MIDDLE | 63.4 + 12211 = 01| 155 + 1.2 3.00
OUTER | 734 + 0.6 188 * 11| 79 * 0.5 3.90

HPNM N/A 54.0 * 1.2 371 + 09| 89 + 0.6 1.45
HPMT  N/A 53.0 + 09393 06| 85 +* 1.1 1.35
HPMII N/A 53.5 % 05385 * 02| 84 + 0.5 1.39

Figure 6 presents the high-resolution XPS spectra for chromium and nitrogen. For the DCMS samples, the
Cr2psz/, to Crlp,/, doublet separation was 9.33 eV + 0.02 eV, and the high-resolution N1s peak was
centered at 397.27 eV £ 0.23 eV. In the HiPIMS samples, the chromium doublet separation expanded to

9.45 eV + 0.01eV, and the N1s peak shifted to 396.70 eV + 0.10 eV.

The doublet separation for Cr2p of 9.30 eV and 9.45 eV are related to metallic chromium and chromium
nitride (CrN), respectively [62,63]. Similarly, the XPS high-resolution nitrogen peaks for the DC samples
suggest that the nitrogen is in solid solution with the chromium [64—67]. However, nitrogen peak shifting
in the HP samples is often assigned to nitrides in the form of CrN [64—67]. Additionally, other small peaks
further demonstrated that DC samples may have some N-H bonds or C-N bonds and N-H bonds or N and

Cr in solid solution for the HP samples [68,69].
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Figure 6. The high-resolution XPS spectra for a. Chromium and b. Nitrogen.

Figure 7 presents the GIXRDs for all the prepared samples. The DC samples exhibited broad peaks primarily
identified as chromium (200), and the HP samples revealed peaks associated with CrN, validating the
chemical analysis provided by XPS. The diffractograms were shifted with respect to the ICDD standard
patterns for body-centered cubic (BCC) chromium (00-001-1250) and face-centered cubic (FCC) chromium
nitride (00-011-0065). The DC samples mainly shifted to lower 26 angles while the HP samples shifted to

higher angles.
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The GIXRD peak analyses are presented in Table 5. The lattice parameter (a’) has been calculated for each
XRD reflection. The HPs’ corrected lattice parameters (a N-R) were obtained using Nelson-Riley method
[70,71], but dismissing the chromium nitride (200) peak due to the possibility of convolution with the
chromium (110) reflection. The data in Table 5 shows expansion in chromium body-centered cubic cell for

the DC samples, and a contraction in the chromium nitride face-centered cubic cell for the HP samples.
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Figure 7. Chromium and chromium nitride grazing incident x-ray diffraction for R-MSDC and R-HiPIMS

processes.
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Table 5. XRD peak identification and calculated lattice parameter

SAMPLE ICDD Standard
ID 20 FWHM d(A) a’(R) aN-R(A) Compound hkl  d(A) a
DCNM 42.5 3.09 2.13 3.01 N/A Cr 110 2.05 2.90
DCMT 42.1 3.56 2.15 3.03 N/A Cr 110 2.05 2.90
DCMII 42.4 3.52 2.13 3.01 N/A Cr 110 2.05 2.90
38.2 0.891 2.36 4.08 111 2.39
HPNM 44.6 1.39 2.03 4.06 4.07 CrN 200 2.07 4.14
64.6 1.07 1.44 4.08 220 1.46
38.1 0.789 2.36 4.09 111 2.39
44 .4 1.27 2.04 4.08 200 2.07
HPMT 4.08 CrN 414
64.4 1.11 1.45 4.09 220 1.46
77.5 1.472 1.23 4.08 311 1.25
37.7 0.805 2.38 4.13 111 2.39
HPMII 4.12 CrN 414
63.8 0.993 1.46 4.12 220 1.46

The 26 peak shifting and the wide FWHM observed for DC samples can be related to the induced disorder
and strain due to nitrogen diffusion in the Cr BCC structure. In the case of the HP samples, the shift to
higher 26 angles can be due to the nitrogen vacancies in the CrN FCC structure. Nonetheless, the broad

peak found around 44.5-26 for HP samples may also indicate the partial presence of Cr BCC phases.

Table 6 presents the estimated calculation of nitrogen saturation in both Cr and CrN structures to
understand the effect of nitrogen content in the lattice. The calculations were carried out based on

Vegard’s law mathematically expressed in equation (1).
as, g, =1 —x)ay +xag (1)

The Cr BCC lattice can hold up to ~33 at.% of nitrogen before transforming into hexagonal Cr, N. Assuming
this saturation limit and occupancy of the tetrahedral interstitial sites of the BCC structure, the fully

saturated lattice parameter would be 3.04 (A), and 2.90 (&) for no nitrogen. Similarly, for the CrN FCC
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structure, the fully saturated lattice parameter is 4.14 (A), but it would be 3.62 (A) with no nitrogen in the
structure. The nitrogen saturation column presented in Table 6 is consistent with the higher incorporation
of nitrogen in the magnetically biased samples, complementing the XPS results given in Table 4. These
data confirm the different outcomes already mentioned about R-DCMS and R-HiPIMS processes; mainly,

the increased nitrogen reactivity in HiPIMS that promotes the formation CrN phase [8,72-76].

Table 6. Chromium to Nitrogen presence in the films calculate by Vegard'’s law.

SAMPLE Nitrogen
ID Phase Lattice parameter (A) | saturation%
DCNM Cr BCC 3.01 75%
DCMT Cr BCC 3.03 93%
DCMII Cr BCC 3.01 79%
HPNM CrN FCC 4.07 87%
HPMT CrN FCC 4.08 89%
HPMII CrN FCC 4,12 96%

3.3. Thickness and deposition rates

Samples were cross-sectioned at different radial locations from the center point, coincident with the
center axis of the target and the center of the biasing magnet when present. Figure 8 contains the
thickness measurements across the surface for the whole set of experiments. Based on the visual
appearance of the DC MIl sample, three locations have been highlighted in Figure 8, center/C (at ~0 mm
of the center), inner ring/IR (at ~4.9 mm of the center), and outer ring/OR (at ~14 mm of the center). In
general, the DC samples were at least two times thicker than the HP samples under the same conditions.
As a reference, the measured thickness for samples deposited with no magnetic bias was 804 nm for the
DC NM samples and 332 nm for the HP NM samples, with a variation of thickness across the surface of
~4% and ~3%, respectively. The DC MT thickness was close to the reference DC NM, while the HP MT
thickness was about 360 nm with variations across the surface of ~7% and ~5%, respectively. Meanwhile,

the thickness of the DC MIl sample was 2790 nm at the center of the sample holder, 272% thicker than at
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22 mm of the center. On the contrary, the HP MIl sample showed a thickness of around 246 nm at the

center and 273 nm at 20 mm, giving a total variation across the surface of ~ %14.
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Figure 8. Thickness of the films across the substrate surface from the magnet center towards the outer

radius.

The deposition rates were calculated by dividing the thickness over deposition time, although this
calculation must be carefully considered for DC MIl due to the induced inhomogeneity. DC NM

demonstrated a deposition rate of 0.76 nm s*and HP NM of 0.27 nm s%,

The deposition rate of the magnetic configuration DC MT did not show variation in the deposition rate
with respect to DC NM, but the DC Ml samples with magnetic biasing were highly impacted. The DC Ml

sample showed no increase in the deposition rate with respect to the DC NM sample at the outer region,
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> 10 mm from the center. However, the inner region shows a steep increase in the deposition rate,
peaking at the center with about 2.41 nm s™. This represents more than a three-fold increase from the
outer to the inner region. Indeed, these changes in sputtered material flow can lead to different
structures. However, a counter phenomenon was observed in the HiPIMS samples with magnetic biasing.
The deposition rates with magnetic biasing showed an increase of about 11% for the HP MT configuration

and a decrease of about 34% with the HP Ml configuration.

As discussed in section 3.1, the magnetic field may impact the ionization process, the flow, and the energy
of the incoming plasma species [4,10,35,38]. The thickness homogeneity of the samples may be explained
using the excitation mechanism proposed in Figure 5. The electron configuration of the ground state of Cr
([Ar] 3d°4s?) offers six unpaired electrons leading to a strong magnetic moment [77]. Similarly, the several
excited Cr species that may appear due to plasma species collision and excitation decay will have strong
magnetic moments that interact with the magnetic field in the biasing configurations, and the transport
of Cr ions species will be affected by resulting Lorentz forces [77-79]. The magnetic flux distribution in
Figure 2 suggests that the magnetic field may guide the Cr species towards the center of the substrate
holder, increasing their deposition rate, but the mirroring effect on the ionic species may decrease it.
Since the ionization ratio of the sputtered material in the DC Ml process is still low in comparison with
the HiPIMS processes, but it was enhanced regarded to the DC NM process, the deposition flux of neutral
excited species may be boosted at the center of the holder as shown in Figure 8. In the case of the MT
configurations, there was insufficient evidence of significant change in the ionization or excitation of the
Cr species. These may be the reason for the negligible effect in the deposition flux in the DC MT
configuration. However, this research did not perform a detailed study about the plasma speciation and
pairing the information with their magnetic moments and their effect on deposition flux. Finally, the
ionization process of sputtered Cr in the HP MII process impaired the deposition rate at the center of the

sample due to the reflection of the charged species, while it may have a slight increment outwards the
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magnet radius where the mirroring effect is lower than in the center. It is still intriguing how the different

configurations affected the total deposition rate, particularly the HiPIMS processes.

3.4 Structural Morphology of R-DCMS Samples

The top-view and cross-sectional images of the DC NM and DC MT are presented in Figure 9, and the DC
Ml sample is separately shown in Figure 10. All three samples evidenced columnar growth. However, the
DC NM and DC MT samples featured nodular tops with an average size of about 35 nm and 39 nm, while

the DC MlII exhibits several morphologies.

Cr Film

Cr Film

Figure 9. Surface and cross-section of the DC NM and DC MT samples. a. surface of DC NM. b. surface of

DC MT. c. cross-section of DC NM. d. cross-section of DC-MT.

The DC MII sample characteristics varied across the surface; the thickness, morphology, and structure of

the films differed depending on the location measure from the center radially. The SEM images of the
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surface at eight radial locations can be observed in supplementary data B2. Figure 10 compares the
surface SEM images, the TEM cross-section images, and the SAED patterns of three locations across the
surface of the DC MIl sample. The three cross-sectional locations correspond to C, IR, and OR positions

marked in Figure 8.

The structure at the center of DCMII corresponded to a highly packed columnar growth with a strong out-
of-plane crystal texture in the [002] direction of the Cr BCC. The structure at ~¥4.9 mm of the center is also
columnar and highly packed, but the texture of the grains has some precession around the out-of-plane
direction. At the outer location at ~14.0 mm of the center, the SEM image identifies voids among the
columns visible in the TEM cross-section image. On the other hand, the SAED pattern in Figure 10 for the
outer location does not present a crystal texture. Instead, it has shown continuous rings typical of

randomly oriented polycrystals.
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Figure 10. Structure of the DC Ml film at the center (C), at 4.9 mm of the center (IR) and 14.0 mm of the

center (OR).

The SAED patterns in Figure 10 were carried out on an illuminated circle about 540 nm in diameter. These
SAED may correspond to a low sampling of grains for the texture analysis. However, XRD texture
measurements and the multiple columns that will fit in the irradiated area rule out the issues with the

sampling.

DC NM and DC MT samples did not exhibit a detectable preferential orientation by the XRD setup;
therefore, the poles figures were not included in the core data of the present work, but they can be found
in the supplementary data Figure C1 and Figure C2. Figure 11 shows the XRD pole figures and crystal

texture analysis performed for the DC Mll in two positions.

In both cases, the setup swept for the X-Ray intensity for the chromium (ICDD 00-001-1250 ) reflections
(002) and {011} in the y and @ angles. The DC MII/C (002) and {011} pole figures in Figure 11 correspond
to the alignment of the irradiation with the C position. The y = 0 tilting position marks the diffraction
vector coincident with the normal to the surface or out-of-the plane direction. The strong X-ray reflection
peak intensity in the DC MII/C (002) pole figure confirms the out-of-the-plane texture of the Cr BCC
crystals. Similarly, the ring shape of the DC MII/C {011} pole figure suggests the rotation of the BCC crystals

around the axis in the direction [002].

The second irradiation position corresponds to alignment with the IR position. The (002) reflection was
unclear in the pole figure and was excluded from this work. The crystal factor for the (002) reflection
induces a low intensity on the XRD patterns unless it is highly texturized. However, the DC MII/IR {011}
pole figure is still appreciable. The ring shape of the C counterpart is now deformed. The loss of the ring
shape may be due to the precession of the BCC crystals. The cubic structure of Cr will lead to {011}

diffraction peaks at tilted angles of the reflection (002) of 45° and 90° angles. The XRD reflection profile
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in the tilting y direction for Cr {011} in Figure 11, shows symmetric peak intensity reflections at 45° tilts

for the irradiation at C, but the peak reflections shifted to 21° and 33° in the IR position.

DC MII/C (002) DC MIl/C {011} DC MII/IR {011}

[002] XRD profile for Cr {011}
s S 2 & 29
: \
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-80 -60 -40 -20 0 20 40 60 80
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Figure 11. XRD texture analysis of the DC MIl sample.

All the results presented for the DC samples give essential insights into the growth mechanism. It is known
that when the energy of the sputtered species laying at the surface of the substrate is enough to overcome
diffusion energy of the surface, the voids among columns start to fill, and defined crystals started to grow
as observed in the IR position. However, only until the energy is high enough to promote atomic diffusion
from grain to grain, the grains oriented in the higher crystal growth direction will overgrowth the grains
with lower growth direction [34,46,80], leading to the structure in C position. Therefore, the lack of crystal
texture, the presence of voids between the columnar grains, and the SEM and TEM images in Figure 9 and
Figure 10 suggest low deposition species energy in the DC NM, DC MT, and the OR position of the DC MII.

Furthermore, the density and the observed changes in texture from the C position towards the OR position
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in DC Mll indicate decreased species energy, demonstrated for the large voids and defects detected in the

top-view and cross-sectional images.

3.5. Structural Morphology of HiPIMS Samples

The surface and cross-sectional SEM images presented in Figure 12 correspond to the HP samples. All
three samples hold a columnar grain growth with three-fold symmetry pyramidal ends of about 26 nm
average size. The cross-sectional images presented from Figure 12d through Figure 12f made it possible
to compare the thicknesses and densification of the three samples. The sample HP MIl was the thinnest

sample, but it also showed a lower density of voids.

o

»
iy T Ty

Ptlayer - aye Pt layer
CrNx Film CrNx Film CrNx Film

1000 nm 1000 nm 1000 nm

Figure 12. Surface and cross-section of the HP samples. a. surface of HP NM. b. surface of HP MT. c.

surface of HP M. d. cross-section of HP NM. e. cross-section of HP MT. f. cross-section of HPMII.

The crystal texture of the three HiPIMS samples has been evaluated by sweeping for the X-Ray intensity
of chromium nitride (ICDD 00-011-0065) reflections (111), (200), and (220) in the y and @ angles. The
whole set of (111) (200) and (220) pole figures can be found in supplementary data Figures from C4

through C6. The pole figures for the {111} reflections and analysis are presented in Figure 13. The main
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peak at y = 0 indicates a strong crystal texture out-of-the-plane in the direction [111] for all three HiPIMS
samples. The blue ring at high y values (~70°) in all three pole figures indicate multiples grains rotate
around the axis in the direction [111]. Figure 13d compares the FWHM for the y = 0 peak and polar
tilting angle between the {111} family planes. The highest FWHM and the lowest angle between all the

{111} reflections correspond for the HP Mll sample.
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Figure 13. XRD texture measurements for the {111} reflections of CrN.

The analysis of the pole figures for CrN {111} in Figure 13 can give some qualitative pondering of the
degree of texturizing of the sample’s growth in the R-HiPIMS variants. The theoretical angle among the
family {111} in a FCC cell is 70.53°, from (111) and (200) is 54.74, and from (111) to (220) is 35.26 °. The

sharper the (111) peak in the out-of-plane direction y = 0 (lower FWHM) and the closer the angles
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between reflections to the theoretic, the higher will be the film texture in the [111] direction. In this case,
HP MIl evidenced a higher deviation of such values!. The lower thickness of the films may explain the
result. The grains with the fastest geometric growth will overgrowth the others, but this phenomenon will
be set more with thickness evolution [46,80,81]. A low flux of sputtered material may explain the low
thickness in the HP Ml sample. Even though a flux of high-energy ions may cause etching on the films and
reduce the film thickness, it would imply that planes with lower sputtering yield withstand better the
bombarding with a concomitant texture in that direction. However, the three films have the same
pyramidal topography that does not support the etching hypothesis. Besides, the crystal growth was in

the direction [111], which theoretically has the highest sputtering yield [25,34,72,82—-85].

The morphology in Figure 10, Figure 12, and texture in Figure 13 are congruent with a zone T structure
presented by Mahieu’s SZM [61]. These XRD texture analyses confirm the differences in film
stoichiometries between the DC and HP samples discussed in section 3.2. Similarly, the different
morphological features of grain size, shape, and structural defects between both processes can be linked
to the film’s stoichiometries and the species energy during the deposition processes [25,34,80]. Indeed,
the addition of magnetic biasing nearby the substrate promotes reproducible and interesting results
affecting the plasma species, the deposition rates, and modifying the structure of the deposited films

when adequately combined with the classical parameter for both R-DCMS and R-HiPIMS processes.

4. Conclusions

The magnetic mirroring effect of the magnetic biasing configurations led to plasma confinement that

boosted chromium species’ ionization in R-DCMS and R-HiPIMS processes.

L1t should be notice the uncertainty that introduces the step size of the y and @ sweeps. Figure 1 presents the
average values, but the closer measurements to 70.53° were done at y = 69% and y = 72°.
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The incorporation of nitrogen in the lattice of the chromium films changed through the combination of
plasma generator and magnetic field configuration. The R-DCMS processes primarily formed chromium
films with nitrogen in solid solution, whereas the R-HiPIMS processes were associated with chromium

nitride. The HP MII configuration showed the highest atomic composition of nitrogen among all samples.

The fine plasma manipulation introduced by the magnetic biasing influenced the crystal growth, film
structure, and thickness without modifying the traditional sputtering parameters such as pressure, gas
mixture, target power, substrate temperature, electrical bias, or deposition time. The highest impact in
both magnetic biasing options was for the MIl configuration. The DC MIl boosted the deposition rate
selectively at the center of the magnetic field, offering the possibility of increase the thickness above three
times of the conventional R-DCMS. However, the structure across the surface of DC MIl samples varies
from highly dense and texturized columns of Cr at the center to nanocrystalline growth with voids among
columns at the edge of the magnet in the magnetic biasing. This focused increment of deposition rate
may be used for patterning or fabrication of mems. In the HP MIl counterpart, the deposition rate dropped
due to the recycling cycle due to the high presence of chromium ions, but this sample also showed the
highest incorporation of nitrogen. Since all samples were grown in similar deposition conditions, the
changes of deposition rate, densification, and texture result from the magnetic biasing, either by the
thermalization and ionization boost of the sputtered species or by the change in the deposition flux on

the substrate’s surface.
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