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Abstract. Formation of NiCr nanorings out of 2-3 nm NiCr nanoparticles prepared by DC
magnetron sputtering with inert gas condensation is reported. An RF quadrupole mass filter has
been used to get the particle size distribution and control the particle size in the plasma stream of
grown material. The depositions are made on silicon substrates at room temperature under a helium
and argon atmosphere of varying composition. By optimizing the He-Ar composition, magnetron
power and the condensation zone, the particle size distribution is narrowed. Magnetic
characterization determines that every single nanoparticle possesses a single magnetic domain that
influenced their arrangement on the substrate. These arrangements were particularly in ring like
structures. Particles join together while being deposited to form rings with a ~100 nm diameter.
Particle density and agglomeration phenomena depend on the substrate’s time of exposure to the
NiCr nanoparticle source coming from the target.

Introduction

Bulk NiCr is a non-magnetic alloy (Ni80:Cr20) known for its high melting temperature and
corrosion resistant qualities [1-3]. NiCr have been used as a heating element in various industrial
applications due to its electrical properties. At the nanoscale, NiCr thin films have a low
temperature coefficient of resistance (TCR) and a large resistivity [4], contrary to its properties at
larger scales. Researchers have reported that Ni and Cr crystals in the case of specimens annealed in
air, form oxides such as CryOy or Ni;0Ox which provides a reduction of the grain distribution and
uniform pore structure in stable condition [5]. Many metal coating fabrication techniques like
atomic layer deposition, physical and chemical vapor deposition have been developed over the
years, but magnetron sputtering has certain advantages in conserving the composition of the
deposition material. Many industrial Ni based coatings are being changed from conventional plating
to sputtering because of the improvement in crystal structure. Ni based alloys can be deposited by
this technique and have shown superior resistance to pitting corrosion in NaCl acidic solution [6]
and are also of interest as fuel cell components due to its wide range of applications, as a catalyst in
solid oxide fuel cells [7], hydrogen storage in the Ni-metal hydride battery [8], etc. Thin-film
coatings were investigated by Navabpour et al.[9] for the adhesion of low-density polyethylene
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(LDPE). Eight different samples were deposited by magnetron-sputtering over stainless steel
substrates. NiCr coating showed one of the best results having no adhesion to the polymer, making
this thin film perfect for LDPE processing tools.

Ni-based nanoparticles (NPs) have been investigated for a long time and show important
advantages in ferrofluids, contrast enhancement in magnetic resonance imaging, and magnetic
carriers for drug targeting [10]. An application of NiCr nanoparticles was developed by Kyung et
al. [11]. They were able to grow carbon nanotubes and reported that, depending on the thickness of
sputter deposited NiCr films the growth rate of carbon structures varied and the yield was
maximum at 10 nm thickness. These second phase particles were purposely introduced to act as a
catalyst, to direct and confine the CNTs growth into an area determined by the size of the particle.
Magnetic memory storage applications have been the most widely studied area. Ni and NiO
monodispersed magnetic nanoparticles are able to organize and self-assemble into 2D and 3D
superlattice structures [10]. This behavior is advantageous for the use in magnetic data storage and
electronic devices [10]. NiCr thus combines self-assembly potential with ferromagnetic behavior, as
required for magnetic data storage applications.

Recently, the formation of nanorings has been reported for different materials and dimensions
with valuable properties for magnetic memory storage. Combinations of Co, Cu, NiFe (80:20), Si,
or GaAs have been successfully tested for the synthesis of these formations [12-15]. Although many
compositions of nanorings have been reported, they all have in common the process of lithography
in one of their nanoring preparation steps. Tripp et al. [16] have developed self-assembled magnetic
nanorings that consist of a few 27 nm Co particles and have a diameter of less than 100 nm. The
formation takes place when the particles acting as magnetic dipoles link up into a ring forming a
closed circuit, which minimizes the magnetic energy and the field outside the ring. Magnetic rings
are considered as a candidate for binary data storage because their magnetostatic fields can be
entrained into chiral domains that can be magnetized clockwise or counter clockwise, representing
the two possible magnetic states of the ring [16].In this article, we present the synthesis and
characterization by inert gas condensation (IGC) DC-magnetron sputtering of magnetic NiCr self-
assembled nanorings on Si and glass substrates. The single NPs that form the nanorings are
composed of NiCr nanoparticles with average size of 2-3 nm. The nanorings have the same height
(~2 nm) and an average diameter of 130 nm.

Experiment

The NiCr NPs are produced in a Nanogen 50 system (Nanoparticles source) by Mantis Deposition
Ltd. [17] , using the IGC [18-20]. A supersaturated vapor of metal atoms is originated by sputtering
of NiCr (80:20) alloy target in an inert gas atmosphere of Ar and He. The Nanogen system is cooled
by circulating a coolant mixture based on water. The preparation process starts when the Nanogen
and deposition chamber are evacuated down to ~10™ torr. After reaching the desired vacuum level,
inert gases are introduced to the Nanogen and deposition chamber until a partial pressure of ~10""
torr. The composition of this atmosphere is a key factor in the experiment because the size,
distribution, and density of NPs are controlled through the variation of Ar and He gas flow. The
sputtering unit’s magnetron is optimized to work in a power range of 50-60 W, and the
condensation zone length between 0 - 10 cm. The quadrupole spectrometer mass filter is activated
to characterize particles sizes at the plasma beam before deposition. The quadrupole mass filter
utilizes a DC and RF voltage that enables one to monitor the mass spectrum and to filter an
optimized particle size. For NiCr, a frequency of 20 kHz displays the complete nucleation particle
size distribution in the plasma. Amplitude of the signal allows selecting a certain particle diameter
along the curve and filter them. In Fig. 1 it is shown how the optimization of gas composition was
carried out. Compositions of 10 sccm of Ar and 15 to 25 sccm of He are concluded to be most
favorable for the synthesis.
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Fig. 1. NiCr nanoparticles mass filter’s spectra, for Argon optimization 25 sccm of Helium were
used and for Helium optimization 10 sccm of Argon. Y-axis are arbitrary units, curves in Helium
optimization have different set points for better visualization.

The particles are deposited on a Si substrate having the quadrupole spectrometer mass filter set
for a certain particle size optimization. Some of the depositions are carried out without the filter,
because sometimes the desired particle size and distribution were already achieved without filter,
solely by varying the gas composition. All depositions without mass filter are made for a maximum
of 5 minutes, while depositions with filtered particles take 25~40 minutes. NP density is controlled
by the deposition time. Structural and morphological properties of NPs accumulated on the
substrate are manipulated using a technique called energy cluster impact (ECI) [21-22]. For all
depositions the energy of impact is set to ~0.1eV/atom to achieve a “soft landing” of particles over
the substrates. Using these experimental characteristics it is possible to retain the structural
properties of Nps generated in the system nanogen 50 [23-25].

The characterization of NPs on the substrate is performed with a Veeco Instruments multimode
scanning probe microscope by hard tapping (low amplitude set point voltage) mode in atomic and
magnetic force microscopy (AFM & MFM). Because of the expected NP characteristics, a 10 pm
scanner was selected for the analysis. The AFM analysis is performed in order to obtain the
characteristics (diameter, height) of single NPs and statistical data of NP ensembles. Magnetic
domains imaging and magnetic properties of the NPs are confirmed by the MFM analysis.

Results and Discussion

The dispersed NiCr NPs are observed in Fig.2 and the statistical size distribution of nanoparticles is
shown in Fig. 3. NPs conserve a similar structure and uniform distribution over large areas of the
NiCr covered substrate. Monodispersed NP sizes and particle analysis were carried out for each of
the early samples with the same fabrication conditions. In Fig. 1 it is observed that with or without
the activation of filter, the beam was formed primarily by particles with a ~3 nm diameter;
nevertheless after obtaining the statistical analysis of data over several samples of depositions on
silicon substrates as seen in Fig. 3 a) and b), the results showed that the particles deposited have a
mean diameter of 11 nm and height of 2 nm. This fact proves that the “soft landing” is partially
achieved and helps us to conclude that Volmer-Weber growth [26] was developed among the
depositions, which yielded a narrow NP size distribution. This kind of behavior is a result of the
strongly bonded NiCr species and a weak bonding to the semi-conducting Si substrate.
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Fig. 2. AFM image in topographic mode of monodispers NiCr nanoparticles deposited in Si
substrates at room temperature.
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Fig. 3. Statistical analysis of particles (a and b) and nanoring (¢ and d) sizes.

To characterize the magnetic properties of NPs, MFM analysis is used. The specific values in the
interleave scan height and drive amplitude play a key role in this characterization, the interleave
scan height was decreased and the drive amplitude was increased to the maximum, but avoiding
contact with the sample. Mean diameter of particles along the study of several depositions was 10
nm, but small quantity of aggregates of nanoparticles with a diameter of ~40 nm were also observed
in different regions of the sample. Magnetic imaging of particles smaller than 10 nm was difficult to
achieve due to the small magnetic force interactions between the tip and sample. That is why one of
the larger particle areas was selected to obtain enough contrast of the particle’s domains. The
magnetic domains can be detected in the frequency scan either as holes or peaks, depending on the
direction of magnetization. Each of these holes or peaks represent a particle made up by a single or
a preferential arrangement of many magnetic domains in the same direction, so each nanoparticle is
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considered to possess a single direction of magnetization, hence forming a magnetic dipole.
Generally, in a bimetallic ferromagnetic dispersed nanoparticles deposition it’s expected to have a
different magnetic orientation for each particle because a preferential orientation was not controlled
and they are randomly deposited on the substrate, but as it is observed in Fig. 4, all the particles are
represented by a dip in the frequency image. This singularity is a common phenomenon in MFM
analysis and this happens when the tip’s magnetic field is larger than the coercive field of the
material and thus particles are magnetized. Magnitude of this field depends on the magnetic
properties of each material. That is why in this scan, all the particles possess the same direction of
magnetization.

Height
6 Hz 0 Hz
Frequency Frequency Height

Fig. 4. AFM and MFM images, frequency and height images of the same scan area. These
measurements were made at room temperature. (the scale bar is 500nm).

In other experimental conditions nanoparticles self-assembled into ring-like formations with an
average diameter of 130 nm and a narrow distribution over larger areas has been observed (Fig.5a).
This behavior is conserved all over the substrate. Similar behavior was previously reported with
magnetic dipole Co NPs [16], where it was proved by transmission electron microscopy and
electron holography images that the particles became aligned into a loop to produce a zero net
moment, which minimized the magnetic energy and the field outside of the ring structure. The
breakthrough in the synthesis of NiCr nanorings is that in the deposition only ring structures were
found, nearly no single particles were identified. Nanorings were successfully reproduced in other
experimental deposition conditions with small differences in their uniformity and distribution (Fig.
5b). These differences are attributed to the slight variations in synthesis parameters and the
geometric changes of the surface in the NiCr sputtering source target. One of the differences was
the decrease in cohesion (adsorption energy) of the particles, but this defect helped in
understanding the formation of rings because it contrasted each of the single nanoparticle forming
the ring, emphasized the arrangement and proved how single 10 to 20 nm diameter aggregates self-
assembled into ring formations.

In the formation of the ring-like structures, NiCr NPs are influenced by the bonding forces (Van
der walls, London forces, Keeson forces, Debye forces) among each other in the nucleation process,
the magnetic interactions exhibited is suggested to be the central cause for this shaping
phenomenon. The “soft landing” provided sufficient mobility to particles and enabled the influence
of interactions between particles in the formation of structures within the substrate. Particle-particle
magnetic interactions acted as the mechanism (forces or dipole-direct self-assembly) that
diminished the superficial energy, while the particle-substrate interactions were only the adherence
provided by the bias voltage between the substrate and NiCr target.
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Fig. 5. a) . Large area at Monodispers of self-assembled nanorings with mean diameter of 130 nm,
b) Zoom in of one 120 nm diameter nanoring with slight synthesis variation. The bar scale are at
left Ium and right 100nm.

The cyclic assembly of NPs (acting as magnetic dipoles) forms a ring structure that produces a
magnetic flux closure domain. This property is ideal for data storage applications because this allow
the ring to have two possible states (binary) in the alignment of the magnetic dipoles in the rings,
clock-wise or counter clock-wise. Grain size and particle analysis was also performed for the
deposited nanorings to yield statistical data about their dimensions in Fig. 3 c¢) and d). In both
nanorings depositions, the height of ~2 nm was conserved (Fig. 5 and 3), which also agrees with the
mean height of the single NPs depositions as shown in Fig. 3 a).

Fig. 4 shows the magnetic property for smaller particles with size around 3nm, while Fig 6. gives
the morphological and magnetic properties for larger particles with sizes in the range between 20
and 500nm. We can see the new self-assembling of NiCr nanoparticles large rings, the principal
difference with the first ring (view fig. 5.) is the size and the distribution of particles inside the
rings. In the first case the ring is formed from the same size of particles, in this case the ring is
formed by one large aggregate in the center surrounded by small particles that shows a ring
arrangement. We propose that this configuration is formed due the high mobility of the particles and
posterior ensemble generated by different interactions between the particles such as the particle-
particle magnetic interactions (forces or dipole-direct self-assembly).

Fig. 6. AFM and MFM images, height, amplitude and frequency images of the same scan area.
These measurements were made at room temperature.
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Analyzing Table 1 it can be concluded that the key factors between fabricating a uniform
nanoparticle deposition and nanorings deposition were the supply of power to the magnetron to
create a sufficiently strong magnetic field over the sputtering source target, and low bias voltage to
enable mobility of particles. The recipe for creating random arrangements of dispersed NiCr
nanorings was already developed and documented. Even though nanorings are very delicate to
synthesis, the self-assembly quality shows great advantages over other nanoring fabrication
techniques. Future work will be dedicated into two important subjects; to modify the synthesis
parameters to fabricate a coherent sequence arrangement of nanorings to be able to have an ordered
line of rings to read and write data. The second is to determine the magnetic hysteresis curve of
these nanostructures (magnetic properties) in order to have the magnitude of coercive field and
reproduce this field with magnetic writing device.

Table 1. Synthesis conditions of the most relevant depositions in chronological order. Depositions
number 2 and 9 presented nanorings.

Mass filter (44
Magnetron particle

power Bias diameter cAorrrip}oIseition

supply Condensation voltage Deposition optimization
#  (Watts) zone (cm) (V) time (min) (nm) (sccm)
1 57.12 13 60 2 None 10-25
2 57.12 0 60 2 None 1025
3 50.08 0 59.2 2 None 10-25
4  50.08 13 59.2 2 None 10-25
5 4448 0 110.1 20 2.83 10-10
6 54.201 6.5 59.5 25 5.02 45-0
7 48.16 0 60.9 2 None 1025
8 48.48 0 60.9 3 None 10-25
9 60.652 0 60 5 None 10-25
10 69.148 0 111.2 30 2.36 10-25
11 68.44 0 1113 6 2.97 10-25
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