coatings
I. S

Special Issue Reprint

Advances of Nanoparticles
and Thin Films

Edited by
Bogdana Borca and Cristina Bartha

mdpi.com/journal/coatings



Advances of Nanoparticles
and Thin Films






Advances of Nanoparticles
and Thin Films

Guest Editors

Bogdana Borca
Cristina Bartha

=z
rM\D\Py Basel o Beijing ®« Wuhan e Barcelona e Belgrade e Novi Sad e Cluj @ Manchester
F



Guest Editors
Bogdana Borca
Magnetism and
Superconductivity

National Institute of Materials

Cristina Bartha
Magnetism and
Superconductivity

National Institute of Materials

Physics Physics
Magurele Magurele
Romania Romania
Editorial Office

MDPI AG

Grosspeteranlage 5
4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Coatings
(ISSN 2079-6412), freely accessible at: https://www.mdpi.com/journal/coatings/special_issues/

nanoparticles_films.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-4301-5 (Hbk)
ISBN 978-3-7258-4302-2 (PDF)
https://doi.org/10.3390/books978-3-7258-4302-2

Cover image courtesy of Bogdana Borca and Cristina Bartha

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https:/ /creativecommons.org/licenses/by-nc-nd /4.0/).


https://www.mdpi.com/journal/coatings/special_issues/nanoparticles_films
https://www.mdpi.com/journal/coatings/special_issues/nanoparticles_films
https://doi.org/10.3390/books978-3-7258-4302-2

Contents

Bogdana Borca and Cristina Bartha
Advances of Nanoparticles and Thin Films
Reprinted from: Coatings 2022, 12, 11, https:/ /doi.org/10.3390/ coatings12081138 . . . . . . . .. 1

Ovidiu Crisan, Alina Daniela Crisan, Gabriel Schinteie and Victor Kuncser

Highly Coercive L1p-Phase Dots Obtained through Low Temperature Annealing for

Nano-Logic Magnetic Structures

Reprinted from: Coatings 2023, 13, 2068, https://doi.org/10.3390/ coatings13122068 . . . . . . . 4

Dana Gingasu, Daniela C. Culita, Jose Maria Calderon Moreno, Gabriela Marinescu,

Cristina Bartha, Ovidiu Oprea, et al.

Synthesis of CoFe,O4 through Wet Ferritization Method Using an Aqueous Extract of

Eucalyptus Leaves

Reprinted from: Coatings 2023, 13, 1250, https://doi.org/10.3390/ coatings13071250 . . . . . .. 16

Viktor B. Ivanov, Elena V. Solina and Peter P. Levin
Photopolymerised Coatings with Nanopigments Based on Dye Mixtures
Reprinted from: Coatings 2023, 13, 300, https://doi.org/10.3390/ coatings13020300 . . . ... .. 31

Cornel Staicu, Claudiu Locovei, Andrei Alexandru Dinu, Ion Burducea, Paul Dinc3,

Bogdan Butoi, et al.

Structural and Magnetic Specificities of Fe-B Thin Films Obtained by Thermionic Vacuum Arc

and Magnetron Sputtering

Reprinted from: Coatings 2022, 12, 1592, https://doi.org/10.3390/coatings12101592 . . . . . .. 42

Catalin Palade, Adrian Slav, Ionel Stavarache, Valentin Adrian Maraloiu, Catalin Negrila

and Magdalena Lidia Ciurea

Memory Properties of Zr-Doped ZrO, MOS-like Capacitor

Reprinted from: Coatings 2022, 12, 1369, https://doi.org/10.3390/ coatings12091369 . . . . . .. 57

Anda Elena Stanciu, Gabriel Schinteie, Andrei Cristian Kuncser, Claudiu Locoveli,

Lucian Trupina, Nicusor Iacob, et al.

Magnetic Properties of Nanosized Fe and FeCo Systems on Trenched Mo Templates

Reprinted from: Coatings 2022, 12, 1366, https://doi.org/10.3390/ coatings12091366 . . . . . . . 67

Petko Vitanov, Tatyana Ivanova, Hristosko Dikov, Penka Terziyska, Maxim Ganchey,

Nikolay Petkov, et al.

Effect of a Discontinuous Ag Layer on Optical and Electrical Properties of

ZnO/Ag/ZnOStructures

Reprinted from: Coatings 2022, 12, 1324, https://doi.org/10.3390/coatings12091324 . . . . . . . 82

Cezar Comanescu
Recent Advances in Surface Functionalization of Magnetic Nanoparticles
Reprinted from: Coatings 2023, 13, 1772, https://doi.org/10.3390/ coatings13101772 . . . . . .. 97

Nicusor Iacob

Pitfalls and Challenges in Specific Absorption Rate Evaluation for Functionalized and Coated
Magnetic Nanoparticles Used in Magnetic Fluid Hyperthermia

Reprinted from: Coatings 2025, 15, 345, https://doi.org/10.3390/coatings15030345 . . . . . . .. 128



Petre Badica and Adam Lérinczi
A Review on Preparation of Palladium Oxide Films
Reprinted from: Coatings 2024, 14, 1260, https://doi.org/10.3390/ coatings14101260

Bogdana Borca
Advances in Organic Multiferroic Junctions
Reprinted from: Coatings 2024, 14, 682, https://doi.org/10.3390/ coatings14060682



About the Editors

Bogdana Borca

Dr. Bogdana Borca is a senior scientist at the National Institute of Materials Physics, Romania.
Her research is focused on characterizing and controlling the electronic and magnetic properties
of nanoscale systems, including nanostructures, thin films, 2D materials, and molecular and
metal-organic structures. She received her PhD degree in Physics in 2007 through a binational
program between Joseph Fourier University (currently Grenoble Alpes), Grenoble, France, and
Babes-Bolyai University, Cluj-Napoca, Romania. Her research activity was carried out at Institut
Neéel, Grenoble, France, and was focused on the growth methods of nanostructures and on strategies
to control their magnetic properties. From 2007 to 2011, Dr. Borca was a postdoctoral research fellow
at Universidad Auténoma de Madrid, Spain, and from 2011 to 2015 at the Max Planck Institute for
Solid State Research, Stuttgart, Germany. During this time, she investigated the electronic properties
and functionalities of graphene on metals and of different organic molecules and nanostructures. Dr.
Borca has also been a visiting scientist at the Institute for Applied Physics—Technische Universitét
Braunschweig, Germany; Physics of Interfaces and Nanomaterials Laboratory—University of

Twente, Netherlands, and Peter Griinberg Institute—Forschungszentrum Jiilich, Germany.

Cristina Bartha

Dr. Cristina Bartha is a research scientist at the National Institute of Materials Physics,
Department of Magnetism and Superconductivity. She received her PhD in Physics from the Faculty
of Physics of the University of Bucharest in 2011. Her work has consistently focused on understanding
magnetic phenomena and magnetic field-induced effects in complex oxide materials such as
perovskites, spinels, and garnets. These materials play a key role in emerging technologies including
spintronics, biomedical applications, gas sensors, catalysts, and switching devices. Throughout her
career, Dr. Bartha has collaborated with research institutions around the world. She was a DAAD
Fellow at the Karlsruhe Institute of Technology (Germany) and has carried out research fellowships
at several prestigious institutions, including Purdue University (USA), the Institute of Applied
Chemistry Berlin, the UGC-DAE Consortium for Scientific Research (India), the University of Pavia
(Italy), and Instituto Tecnolégico e Nuclear (Portugal). Her innovative work has been recognized at
international invention fairs, and she has received the Excellence Award and Gold Medal at PRO
INVENT 2013 and the Silver Medal at EUROINVENT 2024. Beyond her research, she has been

actively involved in organizing several national and international conferences.

vii






Preface

Nanoparticles and thin films represent key areas in modern materials science, offering vast
potential for technological applications due to their unique size-dependent properties. Originating
from the visionary concept of nanotechnology, research in these fields has enabled the design and
fabrication of advanced materials using both top-down and bottom-up approaches. This reprint
brings together a series of studies and reviews exploring the latest developments in nanoparticle
and thin-film systems. By synthesizing a wide range of research, we aim to provide a comprehensive
overview of the field, focusing on both the theoretical principles and practical applications of these
advanced materials. The reprint is designed as a valuable resource for researchers, engineers,
and students interested in understanding the fundamental properties of nanoparticles and thin
films, as well as the latest techniques used to fabricate and apply them in real-world contexts. A

comprehensive article on these topics is Advances of Nanoparticles and Thin Films.

Recent progress in the development of nanostructured magnetic materials and functional thin
films has opened new opportunities for applications in spintronics, electronics, and biomedicine.
Innovative fabrication techniques, such as electron-beam lithography, have enabled the study Highly
Coercive L10-Phase Dots Obtained through Low Temperature Annealing for Nano-Logic Magnetic Structures
and the creation of precisely patterned magnetic FePt nanodots with enhanced structural and
magnetic properties, for example, with a strong coercivity and saturation. These advancements
demonstrate the potential for producing high-performance nanomagnetic components for nano-logic
device integration using more efficient and cost-effective processes.

In the article Synthesis of CoFe;Oy through Wet Ferritization Method Using an Aqueous Extract
of Eucalyptus Leaves, a green synthesis approach for magnetic nanoparticles was developed using
plant-based extracts, offering an environmentally friendly alternative to conventional chemical
methods. The resulting nanoparticles exhibit a well-defined crystalline structure and favorable
magnetic properties, along with biofunctional characteristics such as antimicrobial and antibiofilm
activity. This sustainable approach highlights the potential of natural resources in the fabrication of

advanced materials for biomedical and environmental applications.

A new approach to pigment development was presented in the paper Photopolymerized Coatings
with Nanopigments Based on Dye Mixtures, which uses dye mixtures combined with modified
layered materials to produce nanopigments with improved color properties. These pigments
exhibit improved stability under light exposure and better adhesion when integrated into coating
or ink formulations. Structural and optical analyses confirm their nanoscale architecture and
compatibility with various substrates, making them suitable for high-performance printing and
coating applications.

The article Structural and Magnetic Specificities of Fe-B Thin Films Obtained by Thermionic
Vacuum Arc and Magnetron Sputtering explores the structural and magnetic properties of Fe-B thin
films, focusing on how different fabrication techniques and material compositions impact their
performance. A comparative analysis of deposition methods revealed that film morphology, phase
composition, and magnetic behavior are significantly affected by the synthesis route. Boron content
plays a key role in promoting amorphization and enhancing functional properties such as wear
resistance and magnetic anisotropy, making these films promising candidates for a wide range of

advanced technological applications.

Advancements in memory technology have demonstrated that metal oxide semiconductor-like

capacitors incorporating zirconia-based trilayer structures offer promising performance for

ix



non-volatile data storage. Through tailored fabrication techniques and thermal treatments presented
in the article Memory Properties of Zr-Doped ZrO, MOS-like Capacitor, the structural and electrical
properties of these devices can be significantly enhanced. Key factors such as crystallization behavior
and defect engineering contribute to improved memory windows and long-term retention stability,
highlighting their potential for integration into next-generation memory applications.

Nanostructured magnetic films of Fe and FeCo have shown highly tunable magnetic properties
which are significantly influenced by their morphology and structural design, as demostrated in
Magnetic Properties of Nanosized Fe and FeCo Systems on Trenched Mo Templates. By engineering features
such as surface patterning and material composition, it is possible to control magnetic anisotropy
and the behavior of magnetic domains across different temperature ranges. These systems exhibit
complex interactions at low temperatures and more defined directional magnetization at ambient
conditions, making them valuable for advanced magnetic technologies where precise control over
magnetic behavior is essential.

Transparent conducting oxide structures based on multilayered ZnO/Ag/ZnO nanolaminates
have been developed in Effect of a Discontinuous Ag Layer on Optical and Electrical Properties
of ZnO/Ag/ZnO Structures using low-temperature deposition techniques, resulting in films with
excellent optical transparency and electrical conductivity. The inclusion of conductive nanoclusters
within the structure plays a crucial role in enhancing performance. These films demonstrate strong
potential for use in optoelectronic and flexible electronic devices, offering a scalable, energy-efficient,
and reliable alternative to traditional transparent conductors.

The article Recent Advances in Surface Functionalization of Magnetic Nanoparticles reviews recent
progress in the surface functionalization of magnetic nanoparticles that have significantly expanded
their capabilities across a range of applications, including imaging, catalysis, and targeted drug
delivery. By employing techniques such as ligand modification, bioconjugation, and encapsulation,
researchers have achieved greater control over particle behavior, improving their specificity,
biocompatibility, and functional performance. These developments have enhanced the role of
magnetic nanoparticles in both medical and technological fields, highlighting the importance of
continued innovation in surface engineering to fully unlock their potential in interdisciplinary
applications.

Furthermore, magnetic nanoparticles can be used in magnetic hyperthermia to generate
localized heat within tumor tissues under radiofrequency fields and has gained recognition as a
promising approach for cancer treatment. Beyond thermal effects, recent research has revealed that
magnetic nanoparticles can also induce mechanical disruptions at the cellular level, particularly
when exposed to low-frequency magnetic fields. Functionalizing these nanoparticles with specific
molecules enhances targeting precision, allowing for more effective interaction with tumor cells.
However, assessing treatment efficiency remains challenging due to variability in measuring
techniques and the complexity of linking macroscopic heat generation metrics with nanoscale
biological responses. These insights have been presented in Pitfalls and Challenges in Specific
Absorption Rate Evaluation for Functionalized and Coated Magnetic Nanoparticles Used in Magnetic
Fluid Hyperthermia and highlight the need for standardized evaluation methods and a deeper
interdisciplinary understanding of both thermal and mechanical effects to fully exploit the potential
of magnetic hyperthermia in clinical applications.

Recent developments in the fabrication of palladium oxide thin films have highlighted their
growing potential in gas sensing applications across various industries. Distinct electrical properties
of PdO offer advantages over traditional metal oxides, making it a promising material for detecting

specific gases. In A Review on Preparation of Palladium Oxide Films, a wide range of synthesis techniques



has been explored, leading to films with varied structural characteristics. However, challenges remain
in achieving uniform and well-controlled film quality, as well as in understanding how different
fabrication methods influence performance. While greener synthesis approaches are emerging, they
often produce nanoparticles rather than continuous films. To fully unlock the potential of PdO in
sensing technologies, further efforts are needed to refine deposition methods and develop efficient,
scalable characterization tools.

The review Advances in Organic Multiferroic Junctions presents recent advances of organic
multiferroic junctions as promising multifunctional components that combine magnetic and electric
functionalities within a single flexible platform. By integrating ferroelectric and ferromagnetic
materials, these structures exhibit tunable resistance behaviors in response to external stimuli,
enabling applications in nonvolatile memory, sensing, and neuromorphic computing. Their
flexibility, low power consumption, and potential for use in sustainable electronics make them
attractive for next-generation devices. Ongoing research is focused on exploring new material
combinations and improving interface design to enhance performance and ensure stability, thus

facilitating broader implementation in advanced electronic systems.

Bogdana Borca and Cristina Bartha
Guest Editors
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Editorial
Advances of Nanoparticles and Thin Films

Bogdana Borca * and Cristina Bartha *

National Institute of Materials Physics, Atomistilor 405 A, 077125 Magurele, Romania
* Correspondence: bogdana.borca@infim.ro (B.B.); cristina.bartha@infim.ro (C.B.)

Nanoparticles and thin films are currently among the most active research fields
in materials sciences for technological applications. “Nanotechnology”, a concept first
introduced in 1959 by Nobel laureate, Richard P. Feynman in his visionary lecture en-
titled “There’s Plenty of Room at the Bottom” [1], is an essential pillar in technological
development resulting in nanometers scale systems (nanoparticles and quantum systems,
nanostructures and heterostructures, thin films and 2D materials, etc.). The interest in
nanoscale systems arises not only from the purpose of miniaturization, but also from the
fact that new properties are emerging at this length scale and that these properties change
with their size, surface-to-volume ratio, and shape. The understanding and control of
nanoscale properties has enabled scientists and engineers to design, theoretically model,
produce, and characterize materials and advanced functional and multifunctional devices
with current relevance. They will continue to contribute to many applications and an
enormous body of research (e.g., information technology, electronics, spintronics, displays,
memory units, sensors, biosensors, actuators, active surfaces with different characteristics,
catalysis, energy harvesting, energy storage, environmental and safety concerns, healthcare,
bioengineering, medicine, the drug industry, etc.) [2-5]. The development of these sys-
tems of organic or inorganic nanomaterials also induced the advancement of the technical
equipment and methodologies for their production and characterization, even down to the
atomic and single molecular scale, using, for example, tools such as Scanning Tunneling
Microscopy [6,7]. The nanofabrication methods are classified in top-down and bottom-up
approaches, which are based on physical and chemical and on dry and wet processes. The
top-down methods are scaling-down techniques that imply the division of the bulk material
into nanoscale structures following the physical routes, or lithography (including the stan-
dard: photolithography, phase-shift optical lithography, X-ray lithography, electron-beam
lithography, focused-ion-beam lithography, and neutral-atomic-beam lithography, and
softer ways: microcontact printing, nanoimprint, molding, and dip-pen lithography [8])
and chemical routes (including procedures such as: templated etching, selective dealloy-
ing, anisotropic dissolution, and thermal decomposition [9]). The bottom-up methods
are scaling-up techniques that are based on self-assembly. They rely on the assemblage
of atomic or molecular building-block units into larger structures, such as systems of
nanowires [10,11] or 2D organic structures [12-14] driven by physical and chemical forces.
All of these procedures involve physical deposition techniques (including physical vapor
deposition techniques (PVD) such as vacuum thermal deposition, electron-beam deposi-
tion, laser-beam deposition, arc evaporation, molecular beam epitaxy, organic molecular
beam epitaxy, ion plating evaporation, and sputtering methods) and chemical deposition
techniques (including the sol-gel technique; chemical bath deposition, such as deep coating,
spin-coating, and Langmuir-Blodgett deposition; the spray pyrolysis technique; plating,
such as electroplating and electroless deposition; and chemical vapor deposition (CVD),
including low-pressure CVD and plasma-enhanced CVD) [15].

The consistency of nanoparticle research is derived from the attempt to tailor new
materials with desired properties via scrupulous consideration related to electronic phe-
nomena induced by multiple valence ions, their location in the peculiar structure, the use
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of cutting-edge preparation procedures, and the ability to discern all appearing effects
via a directional selection of the complementary investigation methods. It is known that
synthesis methods are vital to the design of nanoparticles. The most used techniques for
this type of material are chemical methods [2]. A disadvantage of these methods is the use
of precursors that are most often toxic, thereby limiting the scope of the application of the
material. Since many nanoparticles are used in medicine and/or the cosmetic industry,
new synthesis methods (the so-called green chemistry) have been developed that use safe
and environmentally friendly nontoxic reagents [16,17]. A modern trend in the design of
nanomaterials, especially magnetic nanomaterials, is the formation of hybrid structures
of nanoparticle-polymer types that allow the functionalization and control of properties
through the structure and composition of the polymer [18]. Nanoparticle biosynthesis is
an ecological, green, and non-toxic method of processing that involves microorganisms.
It is particularly used in the synthesis of iron oxide, silver, nickel oxide, copper oxide
nanomaterials, etc. [19-21]. The significant progress in recent years is linked on the one
hand to the development and refinement of nanoparticle synthesis methods, and on the
other hand, to the development of more complex characterization techniques and specific
and efficient analysis methodologies. The experimental development coupled with the
development of theoretical models allowed the elucidation of unexpected mechanisms
and the proposal of new solutions that would lead to materials with high-performance
properties in relation to the various applications. Finally, optimization and reproducibility
are two fundamental concepts for the consistency of new phenomena and/or mechanisms.
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version of the manuscript.
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Highly Coercive L1p-Phase Dots Obtained through Low
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Ovidiu Crisan, Alina Daniela Crisan, Gabriel Schinteie and Victor Kuncser *

National Institute for Materials Physics, P.O. Box MG-7, Magurele, 077125 Bucharest, Romania;
ocrisan@yahoo.com (O.C.); a_crisan2002@yahoo.com (A.D.C.); schinteie@infim.ro (G.S.)
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Abstract: Nano-logic magnetic structures are of great interest for spintronic applications. While
the methods used for developing arrays of magnetic L1p-phase dots are, in most cases, based on
deposition followed by annealing at high temperatures, usually around 700 °C, we demonstrate here
a technique where a much lower annealing temperature (i.e., 400 °C) is needed in order to promote
fully the disorder-order phase transformation and achievement of highly coercive L1y-phase dots.
In order to develop building blocks based on arrays of L1p-phase FePt dots for further spintronic
applications, an engraving technique using electron beam lithography is employed. This paper
describes the fabrication, as well as the morphological and magnetic characterization, of regularly
placed FePt dots of various shapes, as pre-requisites for integration into nano-logic devices. As a proof
of concept, regular arrays of FePt circular dots were devised and their structural characterization,
using X-ray diffraction (XRD) and transmission electron microscopy (TEM), was performed. It has
been shown that annealing at only 400 °C for 30 min proved the occurrence of the tetragonal L1y
phase. Moreover, structural characterization showed that the disorder-order phase transformation
was complete with only the L1j phase detected in high resolution TEM. The magnetic characterization
provided more insight into the potential of such arrays of magnetic devices with convenient values
of magnetic coercivity, remanent and saturation magnetization. These findings show good potential
for developing regular arrays of uniformly shaped magnetic entities with encouraging magnetic
performances in view of various applications.

Keywords: regular arrays; FePt; L1j phase; magnetic nanostructures

1. Introduction

There has been a surge of interest in the investigation of size-dependent phenomena
as a response to the industry needs for highly performant nanodevices. The recent award
of the Nobel Prize in Chemistry 2023 to the pioneers of the development of quantum dots
fabrication [1] shows how important and necessary is the study of size-dependent phenom-
ena at nanoscale. A special case is of the nanoscale-structured thin films and coatings. Of
particular interest is the magnetic dots or nanostructures that are suitable for spintronic
applications as well as for heated-dot magnetic recording (HDMR). The formation of hybrid
nanostructures in spintronic devices has been recently investigated [2] as a response to
specific needs, especially in nanodiagnostics, nanoelectronics and adjacent fields, where
combined optical and magnetic responses to various excitations is required for various
types of sensing. With the advent of high-accuracy and high-resolution fabrication tech-
nologies, such as lithography, coupling phenomena at the nanoscale in magnetic dots and
in arrays of dots may become accessible. The integration of magnetic and semiconductor
components adds new capabilities to electronic devices [3]. While spin phenomena have
long been investigated within the context of conventional ferromagnetic materials, the
study of spin generation, relaxation and spin-orbit coupling in non-magnetic materials
has taken off only recently with the advent of hybrid spintronics. Therefore, many novel
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materials and associated nanoarchitectures can find their greatest potential in both science
and technology. On the other hand, the heated-dot magnetic recording (HDMR) principle,
derived from the heat-assisted magnetic recording (HAMR), was shown to be a targeted
application where a key system is represented by FePt nanoclusters [4,5]. In this view,
Mohan et al. [4] and Medwal et al. [5] have proposed the fabrication of self-stabilized
FePt non-stoichiometric clusters by a chemical route, i.e., reduction using oleic acid and
oleylamine. An annealing at 600 °C transformed these FePt colloidal nanoparticles into
carbon-coated L1j FePt-phase nanoclusters. As proposed by Seagate a few years ago [6], the
heated dot magnetic recording (HDMR) is a promising technology suitable for increasing
the density of media used for magnetic recording to values around 4 Tb/in?. It is indeed
true that the heated-dot magnetic recording technology needs arrays of magnetic dots,
periodically dispersed, non-interacting and well within the nanometer-size range, with
stable magnetic response and high uniaxial perpendicular magnetic anisotropy. While
the chemical route described in [4,5] provides non-interacting, small nanoparticles, their
carbonaceous coating can impede the recording processes by diminishing the magnetic
response. The lithographical route proposed in [6] has the advantage of providing regular
disposal of these small nanoclusters. Here, the media is made of a continuously deposited
FePt film and a lithographical path is employed to provide and define regular arrays of
periodically disposed magnetic dot, which are subsequently heated to achieve the L1y
FePt phase.

A systematic study on the size dependence of the coercivity in FePt magnetic dots
has been developed in [7,8]. In these works, FePt nanodot arrays were fabricated by film
pattering via electron beam lithography followed by ion etching. Their magnetic properties
were investigated using the technique of X-ray magnetic circular dichroism combined with
magneto-optic Kerr effect (MOKE) magnetometry. It was shown that circular magnetic
dots with thickness of 6 nm and sizes between 30 and 100 nm exhibit a coercivity increase
at decreasing sizes upon annealing at quite high temperatures [8]. However, it was found
that not all of the dots were achieving the L1y FePt phase and, in addition, defects at the
damaged edges may drastically influence the magnetic properties.

At variance to the above-mentioned fabrication route, the initial pre-pattering of a
photoresist with the subsequent deposition and processing of the magnetic material is also
a reliable solution, developed especially for biosensing applications. In this respect, inte-
grated platforms and arrays of sensors where the detection is guided by magneto-transport
phenomena are used, without the need for perpendicular anisotropy in the ferromagnetic
layers. For instance, pre-patterned media was used for proving the efficiency of giant mag-
netoresistance (GMR) spin valve sensors designed for the detection of superparamagnetic
nanoparticles as potential biomolecular labels in magnetic biodetection technology [9]. In
this example, a patterned self-assembly method, involving a polymer-mediated process
via e-beam lithography, was used. Other applications of integrated magnetic/spintronic
device microarrays in biomedical research are reported in [10-12].

Due to the possibilities for the manipulation of spin configuration in magnetic dots
fabricated by nanolithography, there is a high potential for making nanodevices an alterna-
tive to the presently employed sensors, but ones that are more sensitive and with lower
power and lower costs [11].

A lot of the recent studies of FePt nanodots report on other various issues and the ap-
plications of such systems. For instance, in [13], the FePt magnetic dots were considered in
the case of heated-dot magnetic recording (HDMR) applications. Moreover, some coercivity
enhancement was recently reported in the P-doped FePt prepared by electrodeposition and
subsequent annealing [14]. In another simulation study, the L1y FePt dots were investigated
for their potential applicability in bit patterned media [15].

The current paper describes the fabrication and morpho-structural and magnetic
characterization of arrays of magnetic dots of various shapes, made of non-stoichiometric
L1y FePt, as building blocks to be further used as integration platforms for nano-logic
devices. Such devices with various shapes and geometries and with convenient magnetic
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responses are suitable for both bio-sensing and potentially for HDMR applications. The
pre-patterning route of a photoresist followed by the deposition of the metallic layers was
found to be very suitable for a subsequent thermal treatment at a relatively low temperature.
Given the expected influence of the damaged edges of the dots on the magnetic properties,
the specific parameters of the engraving process were also investigated.

2. Materials and Methods
2.1. Method of Pre-Patterning and Magnetic Elements Nanofabrication

The building block needed for the integration platform was made by using electron
beam lithography. The specific steps involved in the engraving technique are the standard
ones. They are based on an e-beam exposure of a resist layer deposited onto the desired
substrate. The e-beam lithography system uses hardware typical for the scanning electron
microscopy for precise guiding of an electron beam, of nanometer size, onto the substrate,
so as to form a latent image in the resist layer. The consequence of the exposure is to render
the resist either more soluble (positive tone resist) or less soluble (negative tone resist) in
the developer solution. The resulting pattern is furthermore transferred via etching or by
depositing other materials on top of the remaining pattern. By iterating a number of steps
of this type, complex structures of very short length scales can be built up. The envisaged
nanostructures were fabricated in the dedicated class 1000 cleanroom. The fabrication tool
used was a Raith150-Two high resolution e-beam lithography machine, dotted with Wet
Etch cabinets for acids and bases/solvents, photolithography cabinet with PC-controlled
spinner and hot plates, a mask aligner EVG 620 NT and a scanning electron microscopy
SEM Hitachi 53400 with laser interferometer positioning stage from Raith (Raith GmbH,
Dortmund, Germany). In order to obtain magnetic nanostructures with specific shapes
and geometries, we considered the electron beam lithography technique. For this purpose,
two photoresist layers were applied to a Si(111) substrate with a native SiO, layer on top,
i.e.,, methyl methacrylate (MMA EL10) and poly-methyl methacrylate (PMMA A3). Each
layer was deposited via spin-coating for 60 s, at a speed of 4000 rpm and acceleration of
500 rpm/s. After the deposition of each layer, the sample was heated at 175 °C for 10 s in
order to evaporate the solvent. Nanofabrication of the magnetic element was considered,
in the first instance, in engraving high aspect ratio wires and, secondly, in engraving
the desired shapes in the photoresist, followed by the deposition of metallic layers. The
engraving was realized via electron beam lithography using a current of 15 pA. The size of
the electron beam was 2 nm, whereas the field magnification was 800x. It is known that
in electron beam lithography, the resist performance in terms of exposure dose latitude,
sensitivity, contrast, roughness and resolution are influenced by the nature of the resist,
the developer type and composition and the development technique. In our case, the dose
was incremented with 0.1 pC/cm? starting from 0.6 nC/ cm? and ending at 0.79 uC/ cm?.
The development was realized keeping the sample in a solution of methyl isobutyl ketone
(MiBK) and isopropyl alcohol (IPA) (1:3) for 8 s and then in IPA for 1 min. Finally, the
sample was dried with nitrogen gas flow. After the development, the reactive ion etching
technique was implemented in order to produce a better definition of the patterned shapes.
A 10 s reactive ion etching process was realized in the dedicated UHV chamber at a pressure
of 15 mbar.

A layer of Pt with 30 nm thickness was deposited over the engraved desired shapes,
seconded by a layer of Fe with 40 nm thickness. The deposition rate in the case of Pt
was 0.25 nm/s, whereas the value corresponding to Fe deposition was 0.19 nm/s. The
working pressure inside the deposition chamber was 10~7 mbar. The lift-off process was
realized by placing the sample in acetone for 2 min at 50 °C and, afterwards, in acetone at
room temperature for 30 min. After the removal of the photoresist, the nanostructure was
furthermore annealed at 400 °C for 30 min in order to promote the atomic inter-diffusion
and the formation of the L1 FePt phase.
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2.2. Characterization Methods

Several investigation techniques were then used to study the structural and morpho-
logical aspects of dots as well as the phase evolution with the annealing temperature. Also,
a thorough study of magnetic properties in various stages of annealing as a function of
applied field or as a function of temperature were performed. The morpho-structural
studies were performed via X-ray diffraction (XRD), scanning electron microscopy (SEM)
and high-resolution transmission electron microscopy (HRTEM) coupled with selected
area electron diffraction (SAED). For XRD, a Bruker D8 Advance (Bruker AXS GmbH,
Karlsruhe, Germany) with Cu K« radiation wavelength of 1.54 A was used. For the SEM
imaging, Lyra 3XMU with Focused Ion Beam SEM-FIB sample preparation stage, from
Tescan (Tescan France, Fuveau, France), was used. The facility is equipped with secondary
electron detectors with a resolution of 5 nm at 30 kV. Transmission electron microscopy in
high resolution mode was recorded using a JEM ARM 200 F electron microscope operated
at 200 kV acceleration voltage, from JEOL (JEOL Ltd., Hertfordshire, UK). The magnetic
characterization was performed via a SQUID (Superconducting QUantum Interference
Device) unit of a MPMS (Magnetic Properties Measurement System) from Quantum Design
(Quantum Design Europe GmbH, Darmstadt, Germany), under magnetic applied fields of
up to 12 Tesla. The measurements were taken both in parallel and perpendicular geometry
and at temperatures ranging from 5 K to 300 K. The parallel and perpendicular refers to
the direction of the applied magnetic field with respect to the array plane.

3. Results and Discussion
3.1. Complex Morphology Analysis

Scanning electron microscopy (SEM) images of the obtained engraved hallow nanos-
tructures have been collected. The first set of engraved wires, with a depth of approximately
200 nm, have been obtained in a sequence of exposure doses ranging from 0.60 uC/cm?
up t0 0.79 uC/cm?. The SEM image presented in Figure 1a exhibits these traits in which
the doses are increasing from the top of the image to the bottom. The best formed trait,
shaped as rectangle with an optimal aspect ratio, was found to occur for an exposure dose
of about 0.67 pC/cm?. A second set of engraved wires, with a depth of 100 nm obtained
under exposed doses ranging from 0.76 to 0.79 uC/cm?, are shown in Figure 1b.

In order to obtain regular shapes of various types of magnetic structures (rectangles,
triangles and circular) using electron beam lithography, reactive ion etching was imple-
mented to improve the definition of the patterned hallow shapes. The considered hallow
structures engraved on photoresist films of 200 nm thickness consist of circular structures
with diameters of 200 nm with different spacing (Figure 1c), equilateral triangles with
characteristic lengths of 200 nm and 400 nm, respectively (Figure 1d), and simple circular
structures with diameters of 335 nm as well as rectangular structures formed by overlap-
ping the circular structures on the y direction over 200 nm (Figure 1e). The photoresist
application, the metal deposition on the hallow structures and the lift-off procedures were
similar across all the deposited samples. For each hallow shape, different dose values were
considered from 0.6 pC/cm? to 0.79 uC/cm?, with 0.1 uC/cm? discretization.

Finally, Figure le shows a regular array of FePt circular dots obtained after the lift-off
process following the growth of the successive Pt and Fe layers according to the previous
section, on the array of engraved circular structures with diameters of 335 nm.

We have further chosen these regular arrays of FePt circular magnetic dots, for struc-
tural and magnetic characterization, considering the potential of such nanostructures to
be developed into an array of nanodevices, individually addressable. The same annealing
treatment was applied for the considered magnetic nanostructures in order to induce the
L1y FePt phase of high coercivity. The influence of the dose value during the engraving
process on the phase formation was also investigated.
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Figure 1. (a) SEM image of engraved wires with a depth of 200 nm, obtained at different doses

ranging from 0.6 pC/ cm? (up) to 0.79 uC/ c¢m? (down). The ruler on bottom right represents the
overall scale of the image. (b) Engraved wires with a depth of 100 nm, each one corresponding to a
dose in the interval 0.76-0.79 uC/cm? in descending order from top to bottom. (c) Engraved circular
structures obtained at various doses in the interval 0.76-0.79 uC/cm? in descending order from top
to bottom. On the left side are circular structures with an exposed diameter of 200 nm spaced at a
distance of 200 nm, while on the right side are circular structures with an exposed diameter of 200 nm
spaced at a distance of 1200 nm. (d) Equilateral FePt triangles with exposed characteristic dimension
of 200 nm spaced at a distance of 1200 nm corresponding to a dose in the interval 0.76-0.79 uC/cm?
in descending order from top to bottom (on the left side) and equilateral triangles with exposed
characteristic dimensions of 400 nm spaced at a distance of 1200 nm corresponding to the same
doses (right side). (e) Rectangular hallow structures formed via circular structures with the exposed
diameter of 335 nm, overlapped over 200 nm (column of structures on the left and on the right of
the image); circular structures with exposed diameter of 335 nm (central column). (f) Regular array
of FePt circular magnetic dots, 335 nm in size, spaced at about 1200 nm in both x and y directions.
Exposure dose was about 0.79 uC/cm?.
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The creation of a wide area of magnetic dots or nanostructures, regularly dispersed
and integrated onto functionalized substrates with logic capabilities, would allow for
the fabrication of complex architecture structures where the magnitude and direction of
magnetic moments may be individually addressed and exploited for applications in the
fields of magnetic nanosensors and molecular detection.

Systems exhibiting giant magnetoresistive effect (GMR) materials are generally made
of conductive regions, alternated with or separated by magnetic regions [16,17]. In a trilayer-
like GMR system, a conductive layer is sandwiched between two ferromagnetic layers of
different magnetization reversal mechanisms. A spin reconfiguration in the ferromagnetic
layers due to the application of a magnetic field causes the spin-dependent scattering
of conduction electrons moving through the nm thick conductive layer. That means the
resistance of the conductive film in the trilayer spin valve system switches from a low
value in cases of parallel spin configuration in the two neighboring ferromagnetic layers
to a higher value in cases of an antiparallel spin configuration in the two ferromagnetic
layers. Usually, the different magnetic reversal in the two ferromagnetic layers can be
induced by pinning one of the layers to an antiferromagnetic one, with the generation of
a unidirectional anisotropy and an exchange bias effect at the level of the pinned layer.
Alternatively, one of the layers could have a much higher coercive field than of the second
layer with soft magnetic properties (low coercive field) [18]. The presence of a small external
magnetic field will easily change the magnetic configuration of the soft magnetic layer
and, so, it can be easily detected by the changes in the resistivity of the spin valve system.
This change in resistivity will be induced either in the case of in plane or out of plane
anisotropy of the low coercive free and the high coercive pinned layers, the only condition
being to have the driving field coplanar with the anisotropy axis in the layers. In this
respect, the L1p-phase of FePt films of high coercivity can be successfully used in spin valve
systems, with either perpendicular anisotropy, usually requested by the magnetic recording
elements, or in-plane anisotropy, requested for other types of applications (bio-medical,
displacement or angular sensors). However, magnetic anisotropy can be changed from
in plane to perpendicular to the plane by tuning the thickness of the FePt layers or the
specific preparation conditions. In addition, it was shown in [19] that in the case of in-plane
anisotropy of the free soft magnetic layer of an exchange bias spin valve structure, its
hysteretic opening can be drastically diminished if the anisotropy direction of the free layer
can be oriented perpendicularly to the pinning direction. This adjustment can be achieved
by a so-called biasing process through a patterned hard magnetic layer next to the spin
valve structure. Although Nd-Fe-B biasing layers are actually used in this respect, FePt
biasing layers can be proposed in the future due to their much higher corrosion resistance,
within the condition of competitive production costs.

3.2. Structural Analysis of the Regqular Arrays of Magnetic Structures

The regular arrays of magnetic dots, periodically dispersed, that are imaged in Fig-
ure 1f have been structurally investigated by means of X-ray diffraction, in a grazing
incidence geometry. Such grazing geometry of the X-ray beam incidence has been carefully
chosen, with an angle of 0.8 up to 1.5 degrees, in such a manner as to minimize the effect and
influence of the substrate contribution into the overall patterns. The diffractograms have
been recorded between 20 and 95 degrees in 2 theta. For better clarity of the structure of the
regular arrays, the diffractogram of the pristine substrate in the absence of the engraved
regular arrays was also recorded and subsequently subtracted from the diffractogram of
the investigated samples, the difference being normalized afterwards for a better clarity.
We have thus obtained a clear X-ray spectrum, consisting of diffracted beams originating
only from the regular array of FePt circular dots. It is known that, usually, the bulk FePt
binary alloy, either equiatomic or off-stoichiometric, is formed in a disordered Al-type
cubic structure and, upon annealing, it undergoes a structural disorder—order phase trans-
formation. Following such a transformation, the FePt would exhibit the ordered, tetragonal
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L1y FePt phase, which is the phase responsible for the hard magnetic properties of the
system.

In Figure 2 are depicted the XRD patterns corresponding to the circular FePt dots
obtained via exposure doses of 0.6 nC/cm? and at 0.79 pC/cm?, respectively, the growth
of Pt (30 nm thickness) and Fe (40 nm thickness) films, the lift-off process and subsequent
annealing at 400 °C for 30 min. All the main Bragg lines of tetragonal L1, FePt are observed
in both samples.
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Figure 2. X-ray diffractograms for two of the regular arrays of FePt circular structures, engraved with
an exposure dose of 0.6 pC/ cm? (black line) and, respectively, 0.79 uC/ cm? (red line).

There is a strong presence of the superlattice peaks: (001) and (110) diffraction lines,
as well as the presence of the main (111) Bragg lines followed by other superlattice peaks:
distinctly split (200) fundamental reflection, recorded at around 48-49 degrees in 2 theta. It
has to be mentioned that the two main superlattice peaks of tetragonal L1y, the (001) and
(110) reflections, occurs for the Cu Ko radiation we used at about 23° and 32°, respectively.

It also has to be mentioned that the main six Bragg lines of the tetragonal FePt, from
lower to higher angles, are, in order, attributed to (001), (110), (111), (200), (020), (002), (220),
(022), (311) and (222) hki planes reflections. The peak assignation has been performed in
agreement with the ICSD card 03-065-9121. The L10 phase lattice parameters, calculated
from the full-profile analysis were found to be a = 0.384(3) nm and ¢ = 0.317(5) nm, with an
ordering parameter c/a = 0.825. In addition to the occurrence of the superlattice peaks (001)
and (110) another distinct signature of the occurrence of the tetragonal L1 phase is the fact
that the (200), (220) and (311) peaks are split into two. Such a feature has been encountered
in other works on FePt [20-22] and has been unambiguously regarded as further proof of
the occurrence of the L1j phase, this being due to the tetragonally distorted planes, giving
rise to the spectral splitting observed in these peaks. Upon the fitting of the XRD spectra,
we have also derived the average crystallite size of the L1y FePt. It has been thus observed
that the average grain size of the tetragonal L1y phase increases with the exposure dose
from 20 nm (for engraving with a dose of 0.6 uC/ cm?) to 24 nm (for engraving with a
dose of 0.79 pC/cm?). We conclude that in these XRD results, only the L1j phase has been
identified. In relation to previous studies [7,8], where it has been shown that not all the FePt
dots were transformed from a cubic Al to tetragonal L1y structure, which was detrimental
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to the magnetic anisotropy, in our case, all the observed dots seemed to be in their ordered
L1y tetragonal crystal structure.

3.3. High-Resolution Transmission Electron Microscopy and Electron Diffraction Results

The microstructure of the granular regions on the magnetic dots’ surfaces, in the
sample presented in Figure 1f, has been imaged with the help of the transmission electron
microscopy in the high-resolution mode, coupled with the observation of the electron
diffraction patterns, within the imaged areas on the dot surface. In the imaging area, the
sample has been thinned down by ion etching of the substrate with the focused ion beam
module of the microscope. A typical magnified image obtained in HRTEM is shown in
Figure 3, on the left side. The high-resolution image, recorded in phase contrast imaging
mode, reveals small nanocrystals of ordered tetragonal L1y FePt symmetry. The observed
microstructure is apparently made of ordered FePt crystallites having a size between 4 and
8 nm, approximately, which are distributed within a wide area between 13 and 18 nm. The
reticular interplanar distances, clearly observed and measured on the image, are proving
the occurrence of the (110) and (1-10) superlattice reflections, which are indeed typical for
the tetragonal L1 FePt phase. This confirms well, in a more illustrative way, the findings
obtained from the XRD analysis, detailed above. Another main Bragg reflection of the
L1j phase, the (200) reflection, is also observed and accurately measured on the image
through the measuring of the interplanar distance. Taking into account that the limiting
critical size for single-magnetic domains is 55 nm for L1 FePt nanograins [23], it can safely
be concluded that the FePt crystallites are magnetically single domains, irrespective of
their crystal symmetry or of their degree of crystallographic ordering. On the right side
of the image of Figure 3, the selected area electron diffraction (SAED) image is depicted,
corresponding to the area that is imaged in real space in Figure 3, on the left side. Being
essentially a map of the reciprocal space, the SAED image illustrates via the brightness of
the observed spots, the intensity of the corresponding planar reflection, indicating thus
quantitatively the abundance of the ordered FePt grains. It is seen that SAED analysis also
confirms the occurrence of the ordered L1y FePt phase in the imaged magnetic dot. The
presence of the main superlattice spots, the (001) and (110) Bragg reflections of the L1,
phase, in the SAED patterns, proves the occurrence of both crystallographic orientations,
with the tetragonal c-axis perpendicular and parallel to the surface normal. Here, the
atomic planes of a (110) nature are seen, which again confirms the occurrence of the
superlattice reflections.

Figure 3. HRTEM image of an FePt magnetic dot (left side). Atomic planes are identified, and
reticular distances allow for the identification of several superlattice peaks of L1y FePt. The electron
diffraction pattern associated with the FePt magnetic dot (right side). In the reciprocal space,
superlattice reflections are also observed.
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It is to be noted though that while Figure 3 is only an illustrative example, several other
high-resolution images have been recorded, and nanocrystals of a tetragonal symmetry
with detectable (001) planes, with a reticular distance of dgo; = 3.78 A, are observed in many
other imaged areas, thus confirming the extended L1j ordering alongside the magnetic
dot surface. It has been explained before that two crystallograhic variants are retrieved,
one having the c-axis in plane and the other one having the c-axis in an orientation normal
to the observing plane. Another (001) superlattice reflection, with a reticular distance of
doo1 = 3.67 A, is also identified in various other imaged areas. All the c lattice parameter
values measured in the observed nanocrystals with tetragonal symmetry are in good
agreement with the XRD results. In the same image, a second superlattice spot attributed
to the (110) Bragg reflection is observed, with a reticular distance dj19 = 1.91 A.

All the structural data are thus consistent with each other and are unambiguously
proving the formation of the highly ordered L1j FePt, of tetragonal symmetry in the
analyzed samples.

3.4. Magnetic Investigations of the Regular Arrays of Magnetic Nanostructures

In order to assess the magnetic performances of the arrays, an investigation using
the Physical Property Measurement System (PPMS) was undertaken. Magnetic hysteresis
loops were measured both at 5K and at 300K in parallel and perpendicular orientation, in
an applied field of up to 12 Tesla. Figure 4 depicts the magnetization reversal behavior of
the regular array of FePt circular dots, namely the sample imaged in Figure 1f.
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Figure 4. In this figure, 300 and 5K hysteresis loops of the regular arrays of FePt circular dots
presented in Figure 1f. The loops were recorded in perpendicular and parallel applied magnetic
fields, with respect to the array plane. High coercive fields correspond to the sample engraved with
the maximum exposure rate of 0.79 uC/cm?.

As mentioned before, the diffraction measurements did not provide any significant
structural differences between samples with various exposure rates of the engraving. Only
a slightly larger size of the L1y FePt crystallites at increasing doses could be mentioned,
with no direct influence on the magnetic reversal. In this respect, we have chosen to show
only the sample engraved with the maximum exposure rate of 0.79 uC/cm?. Notably, the
sample engraved at 0.6 1C/cm? had shown quite similar magnetic reversal, proving that
the involved change in the engraving rate does not change the damaging of the dot edges.

The shape of the hysteresis loops is compatible with the presence of the L1j FePt phase,
exhibiting increased saturation magnetization, remanent magnetization and magnetic
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coercivity. Due to the distance between the dots, their magnetic interaction should be
neglected and the hysteresis loop should reflect an average of the magnetization reversal of
each individual dot.

The magnetic hysteresis loops, recorded both in perpendicular and parallel geometry,
do not show shoulders on the demagnetization curve. This indicates, on one side, the
monophased magnetic character of the sample and, on the other side, it assures a full
exchange coupling between FePt nanograins across all the investigated arrays. This is in
agreement with the observed microstructure, composed of hard L1y binary FePt.

Another important observation is the fact that, at 300K, there are strong differences
between the shape of the hysteresis loops recorded in parallel and in perpendicular ge-
ometry. The elongated shape of the loop in perpendicular geometry, as opposed to the
rectangular shape in the case of the loop in parallel geometry, witness a pronounced in-
plane magnetocrystalline anisotropy. Indeed, it was shown that such nano-islands of FePt
can exhibit a strong magnetocrystalline anisotropy of about 7 x 10° ] /m? [24] which should
be correlated to a high coercive field along the in-plane magnetic easy axes. It was shown
in [18,25] that in the case of no superposition between the coercive or switching field of the
magnetization reversal along an easy axis and the saturation field of the magnetization re-
versal perpendicular to the easy axis, the magnetization reversal mechanism occurs through
nucleation and movements of magnetic domains. In the present case, the coercive field
measured in parallel geometry at 300 and 5K is of 4.5 and 8.0 kOe (i.e., noH is 0.45 T and 0.8
T), respectively. Moreover, the saturation field at 300 K in perpendicular geometry is about
five times higher than the coercive field in parallel geometry, providing evidence for the
formation of magnetic domains in the dots. Indeed, taking into account the limiting critical
size of 55 nm for single-magnetic domains for L1y FePt nanograins as reported in [23], the
present magnetic dots with a lateral size of 335 nm and 70 nm in thickness are susceptible
to the formation of magnetic domains. However, the polycrystalline configuration of the
dots with well-formed L1 FePt nanograins, of 5 to 20 nm in size, of enhanced magnetocrys-
talline anisotropy suggests the consideration of the magnetic dot as an Imry and Ma type
random anisotropy ferromagnet [26] consisting of a superposition of interacting magnetic
domains of Stoner—Wohlfarth type associated to the L1y FePt nanograins. This behavior is
in agreement with the structural observation of different orientations of the c axis of the
FePt nanograins, also offering complementary information for the mainly in-plane random
distribution of the c axis.

For the calculation of the specific magnetization values, we assumed the sample
geometry as being the one observed in the SEM images, such as Figure 1f, with a total
assumed thickness of the dots close to the nominal one of 70 nm. For the calculation of the
filling factor, we assumed a regular array, as in the one in Figure 1f, where the dots of 335 nm
diameter are spaced by 1200 nm in each direction. Taking into account the size of the image
and the number of dots per image, we have calculated a filling factor of about 12.7%. The
values of magnetization reported on the ordinate of Figure 4 refer to the magnetic moment
on the surface unit of the measured sample. This means that the magnetic moment at
saturation per unit surface of magnetic material is about 1 x 10~2 emu/cm? times 100/12.7,
i.e., about 7.9 x 10~3 emu/cm?. For a film with a nominal thickness of 70 nm, this results
in a saturation magnetization of about 1100 emu/cm?, which is in close agreement with the
spontaneous magnetization of the L1y FePt bulk alloys. Also, the remanent magnetization
values are high, namely 750 emu/cm? (690 emu/cm? at 300K), comparable with those of the
L1y FePt bulk alloys. It is important to notice that in the investigated array of FePt circular
dots, the microstructure consists of only the tetragonal L1y phase and this microstructure
is well reflected in the overall magnetic behavior. The saturation magnetization is also
proven to be high, a good prerequisite for obtaining an elevated maximum energy product
(BHmax) which is the Figure of Merit for any nanomagnetic structure, albeit nanoparticle,
thin film or structured dot. These findings are encouraging, as they show the potential
for developing regular arrays of uniformly shaped magnetic entities with good magnetic
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performances in view of potential uses in various applications, from biomagnetic sensing
through magnetoresistance effects to heated-dot magnetic recording.

4. Conclusions

A versatile method of engraving magnetic materials with various shapes, sizes and
orientations using e-beam lithography has been described as potentially suitable for achiev-
ing building blocks for the further development of nanomagnet-logic structures for several
types of applications. The method has been shown to be reliable in providing various
regularly spaced shapes for magnetic material, with characteristics that are possible to
be controlled by varying the exposure dose during the pre-patterning. We have focused
then on the structural and magnetic characterization of a nanodevice consisting of reg-
ular arrays of FePt circular dots. Structural characterization using X-ray diffraction and
HRTEM had shown that the proposed low time and low temperature annealing procedure
provided monodomain FePt magnetic dots, where the tetragonal L1y phase is already
formed, as proven by the occurrence of the superlattice peaks. Moreover, the magnetic
characterization provided more insight into the potential of such arrays of magnetic devices.
Hysteresis loops recorded for the array of FePt dots were consistent with the findings from
XRD and provided good values of magnetic coercivity (8 kOe), remanent magnetisation
(750 emu/cm?) and saturation magnetization (1100 emu/cm?), values that are comparable
to those obtained for bulk L1 alloys. It is, in fact, for the first time that the formation of the
L1y phase in FePt dots, with high coercivity, has been reported for such a low temperature
of annealing (400 °C) and short annealing time (30 min). These findings are encouraging, as
they show the potential for developing, at much lower production costs, regular arrays of
uniformly shaped magnetic entities with strong magnetic performances, in view of various
applications.
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Abstract: This study explored a new green approach of the wet ferritization method to obtain
magnetic cobalt ferrite (CoFe,Oy) by using eucalyptus leaves aqueous extract as a reducing/chelating /
capping agent. The spinel single cubic phases of prepared samples were proved by powder X-ray
diffraction (XRD), Fourier-Transform Infrared (FTIR) and Raman spectroscopy. The average crystallite
size is in the range between 3 and 20 nm. The presence of the functional groups coating the obtained
material is confirmed from FTIR and thermal analysis. The scanning electron microscopy (SEM)
analysis showed a morphology consisting of nanoparticle aggregates. Raman spectroscopy detects
the characteristic bands of spinel-type CoFe,O4. Magnetic investigations reveal the formation of
ferromagnetic compounds with cubic magnetic anisotropy and a blocking temperature around 140 K,
specific for this type of material. The biosynthesized CoFe,O4 could be an attractive candidate for
biomedical applications, exhibiting promising antimicrobial and antibiofilm activity, particularly
against Gram-negative bacteria and fungal strains.

Keywords: spinel ferrite; green synthesis; plant extract; magnetic properties; biomedical applications

1. Introduction

In recent years, there has been an increasing interest in the synthesis of nano-sized
magnetic ferrites due to their diverse potential applications as permanent magnets, stor-
age devices, magnetic recording devices, ferrofluids, magnetic drug delivery, catalysts,
etc. [1-3].

Among them, cobalt ferrite (CoFe;O4) has a special place, being a hard magnetic
material with good chemical stability, high coercivity (Hc), and moderate magnetization
(Ms) [4]. Cobalt ferrite has received a renewed research focus due to its multiple biomed-
ical applications in magnetic refrigeration, magnetic resonance imaging, hyperthermia
treatment, and in the field of nano-biosensors [5-7].

Nano-sized cobalt ferrite can be obtained by using a wide range of chemical and
physical methods [3,8,9]. Some of these methods present a series of impediments such as
the use of toxic solvents, prolonged high temperature heat treatments, and high energy
consumption with risks for the environment. To reduce the negative impact on the envi-
ronment, cleaner/greener synthesis methods are required. Green synthesis methods are
guided by the twelve principles of green chemistry [10]. A green approach of chemistry
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synthesis methods assume, among other things, the use of natural raw materials, sim-
ple equipment, and reduced synthesis times. All of these things lead to a lower cost of
obtaining nanomaterials compared to other methods [11,12].

Among the biological agents, plants seem to be the best candidates, being easily acces-
sible, widely distributed, and providing a vast reserve [13]. Moreover, every part of a plant
could be useful in the synthesis of nanomaterials. Plant extracts contain phytochemicals
(polysaccharides, phenolic acids, flavonoids, etc.) that have multiple functions (reducing,
capping, chelating, and even stabilizing) in the synthesis of nanomaterials. The variation
of these active biocomponents concentrations, their compositions, as well as their inter-
actions with metal ions are among the main factors that feature the diversity of sizes and
shapes of the obtained nanoparticles [14]. The biomolecules from the plant extracts are
immobilized on the surface of nanoparticles during the synthesis process, leading to modi-
fied /functionalized / coating of nanoparticle surfaces that results in an increased stability
of the biosynthesized nanoparticles. These processes also improve material properties and
thus expand their ranges of applications.

In the last decade, a special focus was given to cobalt ferrite synthesized by green
chemistry methods using different types of plant extracts. Routray et al. [15] reported
the use of Aloe vera in the sol-gel auto-combustion process, to obtain CoFe,Oj for high
frequency application, magneto recording devices. Mahajan et al. [16] revealed tulsi
seed and garlic extract-based synthesis of CoFe,O4 with good antibacterial activity. A
green synthesis method of cobalt ferrite using extracts of Artemisia annua L. “hairy” roots
was demonstrated by Kobylinska et al. [17] and the effect and role of green synthesis
parameters were evaluated. In our previous papers, we described the synthesis of CoFe,Oy
nanoparticles employing aqueous extracts of sesame seed extract, ginger root, cardamom
seeds, tamarind fruit as fuel or reducing/chelating / capping agents [18-20]. The obtained
CoFe;O4 nanoparticles exhibited very good antimicrobial properties, demonstrated by the
low minimal inhibitory concentration values against a wide range of microbial strains,
suggesting their potential for the development of novel antimicrobial agents [18].

The Eucalyptus genus from the Myrtaceae family contains about 600 species native to
Australia. The eucalyptus plant leaves extracts have various effects such as antibacterial,
antihyperglycemic, antioxidant etc. [21].

The phytochemical studies of eucalyptus leaves highlighted the presence of alkaloids,
aminoacids, carbohydrates, flavonoids, glycosides, tannins, phenols, terpenoids, steroids,
and saponins [22,23]. The leaves extracts contain phenolcarboxylic acids (gallic and ellagic
acids), hydroxycinnamic acids (caffeic, ferulic, chlorogenic, p-coumaric acids), flavonoids
(lutelin, myricetin, quercetin, kaempferol), coumarin (coumarin, skinnin, scopolin), etc. [22],
one of the major constituents being 1,8-cineole (between 73 and 85%) [21]. These compo-
nents have an important role in the green synthesis process. The hydroxyl and carboxyl
groups from the active biomolecules facilitate the interaction with the metal ions and have
a high involvement in the metal ion reduction [24]. A high content of polyphenols leads to
the formation of a protective coating around the synthesized nanoparticle, thus harboring
functional groups (charged groups) that create repulsive forces preventing nanoparticle
agglomeration and instability [25]. Generally, the green synthesis of nanoparticles has three
phases [26]: (i) the activation phase consisting in the reduction of metal ions to zero-valent
metal and nucleation; (ii) the growth phase, in which the combination of several nanoparti-
cles leads to the formation of larger ones, with increased thermodynamic stability; (iii) the
termination phase is essential for defining the size and shape of the resulted nanoparticle.

Previous studies revealed the use of eucalyptus extract, which is easy to obtain and
sustainable, in the synthesis of metal nanoparticles such as Ag, Zn, Fe [25,27,28] and
metal oxide TiOy, ZnO, La;O3 [29-31]. These nanoparticles could be good candidates for
biomedical, ecological, and agricultural applications. However, the use of this extract in
the synthesis of CoFe,O4 nanoparticles has not yet been reported.
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Considering the above aspects, in the present study we show for the first time in the
literature the synthesis of cobalt ferrite (CoFe,O4) through the wet ferritization method
using an aqueous extract of eucalyptus leaves. The physico-chemical characterization of
the obtained cobalt ferrite nanoparticles (XRD, SEM, thermal analysis, FTIR, Raman, and
magnetic measurements) has been carried out. The antimicrobial activity of the obtained
cobalt ferrite nanoparticles has also been investigated to formulate possible practical
applications of the obtained materials.

2. Materials and Methods
2.1. Materials

The iron (Fe(NO3)3-9H,0) and the cobalt (Co(NO3),-6H,0) nitrates were of reagent
quality (Merck, Darmstadt, Germany). Eucalyptus leaves (Fares brand, Eucalyptus globu-
lus, contain volatile oil in which the main component is 1,8-cineole) were purchased from
the local health food store and the ammonia solution 25% from Chimreactiv, Bucharest,
Romania.

2.2. Preparation of the Plant Extract

The eucalyptus aqueous extract was prepared according to the following protocol:
2.5 g eucalyptus dry leaves were mixed with 100 mL of distilled water and heated up to
80 °C for 30 min under magnetic stirring. After cooling and filtering, a dark orange extract
(pH = 5) was obtained.

2.3. Synthesis of Cobalt Ferrites

The metal nitrates (2Fe>*:1Co%*) were added slowly into the 100 mL eucalyptus aque-
ous extract and the pH was raised to 10 by adding NH;,OH 25%. During this time, under
stirring, a dark brown precipitate was formed. The obtained suspension was maintained
under continuously stirring at ~80 °C for 3 h. After this time, the weak magnetic dark
precipitate was separated and washed until the washing water had a pH of 7. It was dried
on P40 until a black powder was obtained (N sample). To improve the crystallinity of
the N sample, an additional thermal treatment at 800 °C/1 h was applied (N-800).

2.4. Characterization Technigues

The X-ray diffraction patterns were recorded using a Rigaku Ultima IV diffractometer
(Tokyo, Japan). The equipment was set up in parallel beam geometry, using Cu Ko
radiation (A = 1.5406), CBO optics, a graphite monochromator, and 40 kV and 30 mA
operating outputs. The measurements were carried out in the 8-26 mode, with a step
size of 0.02° and a scan speed of 1°/min. The phase identification was done using the
Search/Match method, coupled with the ICDD PDE-2. The lattice constant was refined
using the diffraction line position, adjusted by the external standard method. The crystallite
size (d) was calculated from the diffraction line width (integral width) using the Scherrer
equation:

d=09A/Bcosb,

where d is the crystallite size, A is the wavelength of the X-ray used, 6 is the angle of
reflection, and f3 is the full width at half maximum or the broadening of the diffraction line
in radians. X-ray fluorescence (XRF) was used for elemental analysis. The measurements
were performed using a Rigaku ZSX Primus II spectrometer (Rigaku Corp., Tokyo, Japan),
equipped with 4.0 kW X-ray Rh tube. EZ—scan combined with Rigaku SQX fundamental
parameters module of ZSX v5.18 software (standard less) was used for data analysis. The
microstructure of the obtained powders was investigated by scanning electron microscopy
(SEM) in a FEI Quanta 3D FEG apparatus (Hillsboro, OR, USA) operating at accelerating
voltages in 2-5 kV range, using secondary electron images. IR spectra were recorded on
JASCO FTIR 4100 spectrophotometer (Tokyo, Japan) in the 4000400 cm~! range, with
solid samples prepared as KBr pellet. Unpolarized Raman spectra were achieved in a
Horiba Jobin—Yvon LabRam HR spectrometer (Kyoto, Japan) with a He-Cd laser, using
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excitation of 325 nm wavelength. In order to avoid sample damage by irradiation, the
power on the sample was kept below 0.5 mW. The UV Raman spectra were collected on a
40x objective, in a UV-enhanced CCD camera and corrected by subtracting the background
spectrum. The Raman shift was recorded from 300 to 900 cm~! and the integration time
of the measurements 60 s. The thermal analysis TG-DSC was performed with a STA 449C
F3 system, TG-DSC (thermogravimetry—differential scanning calorimetry) from Netzsch
(NETZSCH-Gerédtebau GmbH, Selb, Germany), from room temperature up to 900 °C, in a
constant air flow of 50 mL/min. A Bruker Tensor 27 (Bruker Co., Ettlingen, Germany) with
thermostatic gas cell was used to record the FTIR spectra of the evolved gases. Magnetic
properties were investigated with a MMPS SQUID magnetometer from Quantum Design
(San Diego, CA, USA). Hysteresis curves have been acquired at four different temperatures
(10K, 100 K, 200 K, and 300 K, respectively) under an applied magnetic field of —50,000 Oe
and +50,000 Oe. The evolution of magnetization under field cooling (FC) and zero field
cooling (ZFC) conditions as a function of temperature was analyzed under a magnetic field
of 500 Oe.

2.5. Antimicrobial Activity Assays

The antimicrobial activity of the obtained cobalt ferrite nanoparticles has been assessed
against four bacterial and one fungal standard strain, i.e., Staphylococcus aureus ATCC 25923,
Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC
27853, and Candida albicans ATCC 10231, at a density of 0.5 McFarland. The selected
strains have been tested both in planktonic and biofilm growth states, by using qualitative
(adapted disk diffusion method allowing the quantification of growth inhibition zones
diameters on solid agar) and quantitative (broth microdilution method and violet crystal
microtiter allowing to establish the minimal inhibitory concentration—MIC and minimal
biofilm inhibitory concentration-MBIC) assays [32,33].

The tested concentration in the qualitative assay was 10 mg/mL, while in the quantita-
tive assays, two-fold serial dilutions ranging from 10 to 0.0195 mg/mL have been obtained
in the liquid culture medium. In the quantitative assays, the MIC and MBIC have been
established by inspecting the turbidity and respectively the color intensity of the well
contents, in comparison with the aspect of the negative and positive controls. The lowest
concentrations inhibiting the microbial growth revealed by the absence of turbidity for the
planktonic growth and the absence of the blue color for the biofilm growth have been noted
as MIC and respectively, MBIC. The assays were performed in duplicate [32,33].

3. Results and Discussion

The cobalt ferrite nanoparticles were obtained through the wet ferritization green
approach, using eucalyptus leaves aqueous extract. The phytochemical basis of the plant
extract is adequate, containing the bioactive molecules involved in the reduction (enol
groups) and capping (methoxy/phenyl groups) action [34]. The biomolecules present in
the eucalyptus leaves extract form coordinated metal complexes with the Co?* and Fe**
ions. The ferritization process takes place through the degradation of complex precursors
(metals/active biomolecules) directly in the reaction medium, by varying the pH and the
temperature of the reaction medium [18]. A possible mechanism of CoFe,O4 formation
using the eucalyptus extract is presented in Scheme 1.
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Scheme 1. A possible CoFe,O, formation mechanism by a green approach of the wet ferritization
method, using eucalyptus leaves aqueous extract.

3.1. X-ray Fluorescence and X-ray Diffraction

X-ray fluorescence (XRF) spectrometry was used to determine the elemental composi-
tion of both samples, N and N-800. The ratio between Co and Fe was 32.51:67.49 by mass
percentage for the N sample and 33.21:66.79 for the N-800 sample, respectively. These ratios
are close to the theoretical composition of CoFepOj.

The crystal structure, phases, and purity of the as-synthesized sample (N sample)
and the thermally-treated sample (N-800 sample) were investigated by X-ray diffraction
(XRD). Figure 1 shows the XRD patterns of both powder samples. It was found that all
diffraction lines in Figure 1b, corresponding to the crystal planes (111), (220), (311), (222),
(400), (331), (422), (511), (440), (531), (620), (533), (622), and (444) could be indexed to a cubic
inverse spinel structure. No additional diffraction lines corresponding to other phases
or an amorphous halo were observed. Based on the XRD pattern of the sample N-800,
coupled with XRF results, the spinel phase could be indexed to CoFe;O4, which matches
well against ICDD file no. 22-1086. Figure 1a shows the XRD patterns of the sample N,
the as-prepared sample. The diffraction lines are broad, but the positions of the lines are
specific to a spinel structure. As for the thermally treated sample, the lack of an amorphous
phase (amorphous halo), combined with the mass ratio between Co and Fe, indicates the
presence of a spinel structure, with a composition of CoFe,Oj.

The sharp and narrow diffraction lines of the cobalt ferrite calcined at 800 °C for 1 h
(N-800) indicate the better crystallinity of the sample. The lattice parameters for the N and
N-800 samples were 8.3114(10) A and 8.38364(2) A, respectively, being in good agreement
with the literature data [18]. The crystallite sizes, calculated using the Scherrer equation,
were 3 nm (N sample) and 20 nm (N-800 sample). The calculated values are lower than the
values of CoFe;O4 samples (~26 nm) obtained by the sol-gel method using olive leaves
aqueous extracts [35].
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Figure 1. XRD patterns of spinel ferrites: (a) N; (b) N-800 sample.

3.2. Scanning Electron Microscopy

The morphology of the CoFe,O4 powders obtained by wet ferritization using eucalyp-
tus extract was revealed by SEM images (Figure 2). Micro-sized aggregates are observed in
the 10,000 x micrograph in Figure 2a with aggregates size up to ten microns. The aggregates
have a fluffy appearance, observed in the 200,000 x micrograph (Figure 2b) and consist
of loosely aggregated nanoparticles embedded in a disordered matrix. The nanoparticles
have typical sizes below 10 nm, distinguishable in the 1,000,000 x image in the inset in
Figure 2b. The particle size distribution histogram is shown in Figure 2c. After thermal
treatment at 800 °C for 1 h there is a densification of the aggregates into micro-sized solid
polycrystalline particles (Figure 2d) consisting of primary CoFe,O4 nanocystallites sized
about 20 nm (Figure 2e), as shown in the particle size distribution histogram (Figure 2f).

3.3. FTIR and Raman Spectroscopy

The IR spectra of the CoFe;O, samples were recorded in the 4000-400 cm ! range and
were compared with the IR spectrum of eucalyptus leaf dry extract (Table 1 and Figure S1,
see Supplementary Materials).

Literature data mention that the IR spectra recorded for different types of eucalyptus
extract revealed the functional groups which could be the responsible candidates for the
obtained nanoparticles [28-31].

The IR spectrum of sample N contains the intense bands characteristic of spinel ferrites,
but also weak vibration bands characteristic of the carboxylate groups from the eucalyptus
extract and traces of nitrate anion (Table 1). After the treatment at 800 °C/1 h (N-800
sample), these bands disappear and only the bands of cobalt ferrite in the 600-400 cm !
region, assigned to the stretching vibrations of the metal-oxygen bond [4,5], are observed
(Table 1).
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Table 1. The characteristic bands of eucalyptus leaves dry extract and synthesized CoFe,O4 samples.

Eucalyptus Leaves Dry Extract N N-800 Assignement
3382 vs, br 3419 vs, br - vOH/H,0
2915 m, sh - - VCH asym
2850 w, sh - - vCH; sym

- 1635 s - vOH in water
1616 vs - - vCOO™ asym
1396 m 1384 m - vCOO™ sym/VvNO; ™~

1072 s - - vC-O-C sym
- 1031w 987 w -

- 578 s 573 vs vM-O spinel

486 w 490 m vM-O spinel

w = weak, m = medium, s = strong, vs = very strong, sh = shoulder, br = broad.
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Figure 2. SEM micrographs at different magnifications: 10,000x (a,d); 200,000 x (b,e); 1,000,000 x
(inset in b); and particle size distributions (c,f) of the CoFe,O4 powders obtained by wet ferritization
using eucalyptus extract, as prepared (a—c), and calcined at 800 °C/1 h (d-f).

Additionally, the cobalt ferrites obtained by wet ferritization were studied by Raman
vibrational spectroscopy. The Raman spectra (Figure 3) of the N and N-800 powders present
six vibrational modes at 683, 615, 562, 494, 460, and 325 cm 1. After calcination at 800 °C, N-
800 shows very similar Raman spectra, including the same vibrational modes and relative
intensities, indicating the same crystalline structures and types of bonds in N and N-800,
so our discussion is valid for the Raman spectra of both materials. The measured spectra
correspond to spinel-type structures. Broad Raman peaks indicate the presence of disorder
and defects within the crystal structure. Group theory predicts five active Raman modes
for spinel-type structures (A1g + Eg + 3F,) which are typically observed at Raman shifts
from 200 to 800 cm ™! [36-38]. The highest-frequency Aig mode at 683 cm ! is assigned to
the symmetric stretching vibrations of the oxygen atoms with respect to the metal ion in
the tetrahedral sites, a mode that can be also described as tetrahedral breath mode [36,39].
Spinel inversion is usually considered the cause for the appearance of an additional Ag
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TG/%

peak in the Raman spectra, observed as a weak feature at 615 cm L according to [39]. The
Fpg mode at 562 cm~! is very weak. The strong Fyg band at 450-500 cm ™!, that corresponds
to the bending vibrations of oxygen atoms in the tetrahedral sites, shows two distinct peaks
at 494 and 460 cm !, indicating different local environments experienced by the Fe3* ions
in the tetrahedral sites, leading to distinct vibrational frequencies. The Eg mode, associated
with the stretching vibration of the octahedral units, is observed at 325 cm~?.
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Figure 3. Raman spectra of CoFe;O4 powders obtained by wet ferritization using eucalyptus extract,
as prepared (N sample), and calcined at 800 °C/1 h (N-800 sample).

3.4. Thermal Analysis

The thermal behavior of the CoFe,O4 obtained by wet ferritization (N sample) was
followed to confirm the presence of the functional groups of eucalyptus extract on the
particles” surface (Figure 4).
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Figure 4. TG-DSC analysis (N sample) with extracted traces for CO, and H,O evolved gases identified
by FTIR wavenumbers 2354 and 3735 cm™ 1.
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The degradative-oxidative process can be grouped in three temperature intervals.
The first step between room temperature and 180 °C is associated with an endothermic
effect on the DSC curve (weight loss ~20.5%). The gases evolved in this step indicate
water as the main product together with traces of CO;, and, also, the less stable/volatile
components (Figure 5) from eucalyptus extract [40]. The second mass loss step (~9%),
between 180 and 320 °C, is accompanied by a strong exothermic effect on the DSC curve.
This step corresponds to the total oxidation of the organic part to CO, and HyO. The
carbonaceous residue from eucalyptus extract is eliminated in the third step between 320
and 700 °C (weight loss ~2.5%). The thermal decomposition is complete below 700 °C with
the formation of CoFe;Oy4 (0x%~68%). Corroboration of these results with the IR spectrum
of the N sample suggests the presence of organic components from the plant extract on the
prepared cobalt ferrite.
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Figure 5. FTIR 3D diagram for the evolved gases from thermal analysis of N sample (a) and its
projection in the wavenumber/temperature plane, indication of temperature intervals in which H,O,
CO,, and CO are identified (b); the absorbance increases from light blue to orange-yellow.

The participation of the eucalyptus extract to the cobalt ferrite synthesis is indicated
by the difference observed in the thermal analysis of the N sample vs. eucalyptus extract
powder (Figures S2 and S3). While in the case of the N sample the oxidation reactions
of organic traces take place up to 350 °C, for the eucalyptus extract the thermal analysis
indicates a strong oxidation process between 435-680 °C, when high quantities of CO,, H,O,
and hydrocarbon fragments are eliminated (Figure S3). This different thermal behavior of
the organic part can indicate a dramatic change in composition of eucalyptus extract due to
its participation in the process of cobalt ferrite synthesis.

3.5. Magnetic Measurements

The hysteresis curves corresponding to the two samples, N and N-800, respectively,
are shown in Figure 6.

Both samples are magnetically ordered at both low and room temperatures and exhibit
ferromagnetic behavior. The samples were measured starting from the demagnetized state
(virgin curve visible especially for sample N-800, Figure 7b) at B = 0. At a low applied
magnetic field, the magnetization process is reversible, magnetic moments being aligned
along an axis of low magnetization. When the magnetic field increases, magnetization
becomes irreversible, the magnetic moments aligning with the direction of the applied
field. Magnetizations increase rapidly at low fields (0-10,000 Oe), tending to saturate as the
magnetic field strength increases. The saturation magnetization values obtained at 10 K are
45.85 emu/g for sample N and 73.16 emu/g for the calcined sample N-800. These values are
lower than the saturation magnetization of bulk cobalt ferrite, 93.9 emu/g when measured
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at 5K, and 80.8 emu/g at ambient temperature [41], but comparable to the values obtained
on nanoparticles synthesized by wet chemistry [42,43]. The coercive magnetic fields (Hc)
obtained at 10 K were 6566 Oe for the N sample and 13,372 Oe for the N-800 sample and
much lower at room temperature, respectively 107 Oe for the N sample and 2223 Oe for
the N-800 sample. These values can be correlated with the particle sizes, i.e., for the N
sample we obtained the smallest crystallite size in XRD (~3 nm) and the smallest coercive
field, while for the heat-treated sample, N-800, the highest value for both crystallite size
(~20 nm) and coercive field was obtained. Another important aspect is the coercivity value
at 300 K of the N sample; it is very small, but not zero. This means that a small fraction
of the nanoparticles are not superparamagnetically relaxed even at this temperature. This
behavior is similar to that reported by Palade et al. [42]. The ratio (R = Mr/Ms) between
remanent magnetization (Mr) and magnetization at saturation (Ms) was also calculated. At
10 K, the obtained values for R were 0.49 for the N sample and 0.89 for the N-800 sample.
According to the Stoner—-Wohlfarth model [44], for an ensemble of non-interacting single
magnetic domain nanoparticles with uniaxial symmetry, under the condition of a random
distribution of easy magnetization axes, this factor should be 0.5. It has also been reported
that, for spherical nanoparticles with cubic magneto-crystalline anisotropy, the value of
R is 0.83 [45]. In our case, the corresponding R value for N-800 sample clearly shows the
existence of a cubic magnetic anisotropy provided by the magnetocrystalline anisotropy
of CoFe,Oy that exceeds the shape anisotropy effect. The N sample, with R of 0.49, is
characterized by a single non-interacting magnetic domain.

Figure 7 shows the magnetizations as a function of temperature of the two samples
measured in two different modes: zero field cooling (ZFC) and field cooling (FC) under an
applied magnetic field of 0.05 T.
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Figure 6. Hysteresis curves at selected temperatures in the range of 10-300 K for samples: N (a) and
N-800 (b).

In ZFC mode, the two samples were cooled in a zero magnetic field to 5 K. At this
temperature, a magnetic field of 500 Oe was applied and the magnetic moments were
measured as a function of temperature in the process of sample heating. In FC mode,
samples were cooled in an applied external magnetic field (B = 0.05 T), measuring the
evolution of magnetic moments as a function of temperature. It can be seen that the two
curves coincide with each other at room temperature, but as the temperature decreases,
they begin to separate. Both ZFC curves show a maximum at 140 K representing the
blocking temperature (T},). It is known that T}, depends on several factors, such as: particle
size, effective anisotropy constant, applied magnetic field, experimental measurement time,
etc. If the measured sample has almost equal particle size (small particle distribution), then
the blocking temperature will be almost the same for all particles. This is also the case of
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our samples that have almost the same particle distribution (>5 nm), hence the same Tj,.
Differences may occur at large particle distributions (>100 nm). Over this temperature,
FC curves increase as the temperature decreases. At this temperature, the nanoparticles
have enough thermal energy to overcome the magnetic energy barrier separating the two
possible magnetic orientations of the magnetic moments.
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Figure 7. Temperature dependences of magnetic moments (ZFC and FC measurements) for samples:
N (a) and N-800 (b). Measurements were carried out in magnetic field B = 0.05 T.

3.6. Antimicrobial Activity

The results of the qualitative assay indicated that the two CoFe,O4 nanoparticles
exhibited relatively similar antimicrobial activity against four of the tested strains, including
two Gram-negative bacterial strains (P. aeruginosa and E. coli), one Gram-positive bacterial
strain (S. aureus) and the fungal strain (C. albicans), the average diameters of the growth
inhibition zones ranging between 9.5 and 7.25 mm, with the highest and respectively lowest
efficiency recorded for N against P. aeruginosa and S. aureus, respectively. None of the tested
nanoparticles inhibited the growth of E. faecalis on the solid medium (Figure 8).
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Figure 8. The results of the qualitative assay of the antimicrobial activity quantified by the growth
inhibition zone diameters (mm).
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Taking into account the limitations of the qualitative assay consisting in the unknown
diffusion patterns of novel compounds in the solid medium, making it impossible to have a
glimpse into the concentration—activity relationship, we have further tested different binary
concentrations of the obtained nanoparticles (from 5 to 0.0195 mg/mL) in liquid medium
assays, in order to establish quantitative parameters of their antimicrobial and anti-biofilm
activity, respectively the MIC and MBIC values.

The results of the quantitative assay revealed that in all cases the MIC and MBIC values
ranged from 5 to 10 mg/mL (Figure 9), suggesting a good efficiency of these nanoparticles
both against planktonic and sessile microorganisms, due probably to the good penetration
of the obtained materials through the protective biofilm matrix. The E. faecalis strains
were indeed the most resistant, both in planktonic and biofilm growth states, followed
by S. aureus, particularly in the biofilm growth state. These results suggest that the Gram-
positive strains seem to be more resistant to the obtained nanoparticles, compared to the
Gram-negative bacteria and fungal strain, probably due to differences in the structure of
the bacterial wall. The obtained nanoparticles are probably better interacting with the
outer membrane of the Gram-negative bacteria, than with the thick peptidoglycan cellular
wall of the Gram-positive ones through the carboxylate groups. Once adhered to the
Gram-negative bacteria outer membrane, they will destabilize it and favor the microbial
cell lysis. The qualitative assay shows that N nanoparticles are more active than N-800
against planktonic and biofilm embedded E. coli as well as against planktonic S. aureus

strain.
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Figure 9. The results of the quantitative assay of the antimicrobial activity against planktonic and
biofilm growing strains quantified by the MIC and MBIC (mg/mL) values.

4. Conclusions

In this study, a facile and eco-friendly method of plant-based synthesis of CoFe;O4
using eucalyptus leaves extract is reported for the first time in the literature. XRD patterns
revealed CoFe,O4 with a face-centered cubic spinel structure. SEM analysis shows that
wet ferritization using eucalyptus extract results in disordered aggregates consisting of
noncrystallites sized below 10 nm, in agreement with the average crystalline size measured
from diffraction patterns. Vibrational Raman spectroscopy confirms the formation of a
CoFe,Oy4 spinel phase and evidences a high degree of spinel inversion. Thermogravimetric
analysis also indicated three steps weight loss for the functional groups-coated CoFe;Oy,
confirming the presence of the organic components from the plant extract. The magnetic
behavior of the two samples is strongly influenced by particle size and shows a rapid
increase in magnetization at low fields with saturation at 5 T. The existence of a cubic
magnetic anisotropy provided by the magnetocrystalline anisotropy of this material has
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been demonstrated. The blocking temperature is similar for both samples and coincides
with that reported on nanoparticles of this type processed by other chemical methods.
The results of the qualitative and quantitative bioassays confirm their potential for the
development of novel antimicrobial agents, active both against planktonic and biofilm
embedded microbial cells, being particularly efficient on the Gram-negative and fungal
strains. Eucalyptus extract can be a valuable natural resource in the synthesis of cobalt
ferrite. Plant-based synthesis methods are opening new ways to obtain various materials
by cleaner pathways.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ coatings13071250/s1, Figure S1: FTIR spectra of the samples;
Figure S2: Thermal analysis of dry eucalyptus extract; Figure S3: The FTIR 3D diagram for the evolved
gases from thermal analysis of eucalyptus extract and its projection in the wavenumber/temperature
plane.

Author Contributions: Conceptualization, D.G.; Investigation, D.C.C., ]JM.C.M., G.M.,, C.B., 0.0,
S.P, M.C.C. and M.P,; Supervision, D.G. and C.B.; Writing—original draft, D.G., D.C.C., JM.C.M.,
G.M,, CB, 0.0, S.P. and M.C.C.; Writing—review & editing, D.G. and C.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Romanian Ministry of Research and Innovation (MCI),
UEFISCD], through the grant PN-III-P2-2.1-PED-2021-2007 (contract no. 676 PED/2022).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kefeni, K K.; Msagati, T.A.M.; Mamba, B.B. Ferrite nanoparticles: Synthesis, characterisation and applications in electronic device.
Mater. Sci. Eng. B 2017, 215, 37-55. [CrossRef]

2. Ahmad, S.I. Nano cobalt ferrites: Doping, structural, low-temperature, and room temperature magnetic and dielectric properties—
A comprehensive review. J. Magn. Magn. Mater. 2022, 562, 169840. [CrossRef]

3. Asadi, R.; Abdollahi, H.; Gharabaghi, M.; Boroumand, Z. Effective removal of Zn (II) ions from aqueous solution by the magnetic
MnFe; O, and CoFe;Oy spinel ferrite nanoparticles with focuses on synthesis, characterization, adsorption, and desorption. Adv.
Powder Technol. 2020, 31, 1480-1489. [CrossRef]

4. Aghrich, K.; Abdellaoui, M.; Mamouni, N.; Bellaouchou, A.; Fekhaoui, M.; Hlil, E.K.; Mounkachi, O. Experimental and
first-principles study of the origin of the magnetic properties of CoFe,Oy spinel ferrite. Appl. Phys. A 2020, 126, 940. [CrossRef]

5. Manohar, A.; Geleta, D.D.; Krishnamoorthi, C.; Lee, J. Synthesis, characterization and magnetic hyperthermia properties of nearly
monodisperse CoFe,O4 nanoparticles. Ceram. Int. 2020, 46, 28035-28041. [CrossRef]

6.  Velho-Pereira, S.; Noronha, A.; Mathias, A.; Zakane, R.; Naik, V.; Naik, P.; Salker, A.V.; Naik, S.R. Antibacterial action of doped
CoFe,O4 nanocrystals on multidrug resistant bacterial strains. Mater. Sci. Eng. C 2015, 52, 282-287. [CrossRef]

7. Shakil, M.S.; Hasan, M.A.; Uddin, M.E; Islam, A.; Nahar, A.; Das, H.; Khan, M.N.L; Dey, B.P.; Rokeya, B.; Hoque, S.M. In vivo
toxicity studies of chitosan-coated cobalt ferrite nanocomplex for its application as MRI contrast dye. ACS Appl. Bio Mater. 2020,
3, 7952-7964. [CrossRef]

8. Mindru, I; Gingasu, D.; Diamandescu, L.; Patron, L.; Marinescu, G.; Culita, D.C.; Calderon Moreno, ].M.; Preda, S.; Oprea, O.;
Parvulescu, V. CoFe;_,CryOy ferrites: Synthesis, characterization and their catalytic activity. Chem. Pap. 2018, 72, 3203-3213.
[CrossRef]

9. Imanipour, P; Hasani, S.; Seifoddini, A.; Nabiatek, M. Synthesis and characterization of zinc and vanadium Co-substituted
CoFe;Oy4 nanoparticles synthesized by using the sol-gel auto-combustion method. Nanomaterials 2022, 12, 752. [CrossRef]

10. Anastas, PT.; Warner, ].C. Green Chemistry: Theory and Practice; Oxford University Press: New York, NY, USA, 1998.

11. Nguyen, N.T.T.; Nguyen, L.M.; Nguyen, T.T.T.; Nguyen, T.T.; Nguyen, D.T.C.; Van Tran, T. Formation, antimicrobial activity, and
biomedical performance of plant-based nanoparticles: A review. Environ. Chem. Lett. 2022, 20, 2531-2571. [CrossRef]

12.  Bukhari, A.; Jjaz, I; Gilani, E.; Nazir, A.; Zain, H.; Saeed, R.; Alarfaji, S.S.; Hussain, S.; Aftab, R.; Naseer, Y. Green synthesis of
metal and metal oxide nanoparticles using different plants’ parts for antimicrobial activity and anticancer activity: A review
article. Coatings 2021, 11, 1374. [CrossRef]

13. Sila, J.M.; Kiio, I.; Mwaura, F.B.; Michira, I.; Abongo, D.; Iwuoha, E.; Kamau, G.N. Green synthesis of silver nanoparticles using

Eucalyptus corymbia leaves extract and antimicrobial applications. Nano Hybrids Compos. 2019, 25, 32—45. [CrossRef]

28



Coatings 2023, 13, 1250

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Shah, M.; Fawcett, D.; Sharma, S.; Tripathy, S.K.; Poinern, G.E.]. Green synthesis of metallic nanoparticles via biological entities.
Materials 2015, 8, 7278-7308. [CrossRef] [PubMed]

Routray, K.L.; Saha, S.; Behera, D. Green synthesis approach for nano sized CoFe,O, through aloe vera mediated sol-gel auto
combustion method for high frequency devices. Mater. Chem. Phys. 2019, 224, 29-35. [CrossRef]

Mabhajan, P; Sharma, A.; Kaur, B.; Goyal, N.; Gautam, S. Green synthesized (Ocimum sanctum and Allium sativum) Ag-doped
cobalt ferrite nanoparticles for antibacterial application. Vacuum 2019, 161, 389-397. [CrossRef]

Kobylinska, N.; Klymchuk, D.; Shakhovsky, A.; Khainakova, O.; Ratushnyak, Y.; Duplijc, V.; Matvieieva, N. Biosynthesis
of magnetite and cobalt ferrite nanoparticles using extracts of “hairy” roots: Preparation, characterization, estimation for
environmental remediation and biological applications. RSC Adv. 2021, 11, 26974. [CrossRef]

Gingasu, D.; Mindru, I.; Mocioiu, O.C.; Preda, S.; Stanica, N.; Patron, L.; Ianculescu, A.; Oprea, O.; Nita, S.; Paraschiv, I; et al.
Synthesis of nanocrystalline cobalt ferrite through soft chemistry methods: A green chemistry approach using sesame seed
extract. Mater. Chem. Phys. 2016, 182, 219-230. [CrossRef]

Gingasu, D.; Mindru, I.; Preda, S.; Calderon Moreno, ].M.; Culita, D.C.; Patron, L.; Diamandescu, L. Green synthesis of cobalt
ferrite nanoparticles using plant extract. Rev. Roum. Chim. 2017, 62, 647-655.

Gingasu, D.; Mindru, I; Culita, D.C.; Calderon Moreno, ].M.; Bartha, C.; Greculeasa, S.; Iacob, N.; Preda, S.; Oprea, O. Structural,
morphological and magnetic investigations on cobalt ferrite nanoparticles obtained through green synthesis routes. Appl. Phys. A
2021, 127, 892. [CrossRef]

Chandorkar, N.; Tambe, S.; Amin, P.; Madankar, C. A systematic and comprehensive review on current understanding of the
pharmacological actions, molecular mechanisms, and clinical implications of the genus Eucalyptus. Phytomed. Plus 2021, 1, 100089.
[CrossRef]

Avidzba, Y.N.; Koshovyi, O.M.; Komisarenko, A.M. Research of eucalyptus leaves dry extract obtained after essential oil extraction.
Pharma Inov. ]. 2014, 3, 18-22.

Shala, A.Y.; Gururan, M.A. Phytochemical properties and diverse beneficial roles of Eucalyptus globulus Labill.: A review.
Horticulturae 2021, 7, 450. [CrossRef]

Santos, S.A.O.; Pinto, R.J.B.; Rocha, S.M.; Marques, P.A.A.P,; Neto, C.P; Silvestre, A.].D.; Freire, C.S.R. Unveiling the chemistry
behind the green synthesis of metal nanoparticles. Chem. Sus. Chem. 2014, 7, 2704-2711. [CrossRef] [PubMed]

El-Seedi, H.R.; El-Shabasy, R.M.; Khalifa, S.A.M.; Saeed, A.; Shah, A.; Shah, R,; Iftikhar, EJ.; Daim, M.M.A.; Omri, A.; Hajrahand,
N.H,; et al. Metal nanoparticles fabricated by green chemistry using natural extracts: Biosynthesis, mechanisms, and applications.
RSC Adv. 2019, 9, 24539. [CrossRef] [PubMed]

Balciunaitiene, A.; Liaudanskas, M.; Puzeryte, V.; Viskelis, ].; Janulis, V.; Viskelis, P.; Griskonis, E.; Jankauskaite, V. Eucalyptus
globulus and Salvia officinalis extracts mediated green synthesis of silver nanoparticles and their application as an antioxidant and
antimicrobial agent. Plants 2022, 11, 1085. [CrossRef]

Munir, H.; Mumtaz, A.; Rashid, R.; Najeeb, J.; Zubair, M.T.; Munir, S.; Bilal, M.; Cheng, H. Eucalyptus camaldulensis gum
as a green matrix to fabrication of zinc and silver nanoparticles: Characterization and novel prospects as antimicrobial and
dye-degrading agents. J. Mater. Res. Technol. 2020, 9, 15513-15524. [CrossRef]

Alves Puiatti, G.; Passos de Carvalho, ].; Teixeira de Matos, A.; Pereira Lopes, R. Green synthesis of Fe0 nanoparticles using
Eucalyptus grandis leaf extract: Characterization and application for dye degradation by a (Photo) Fenton-like process. J. Environ.
Manag. 2022, 311, 114828. [CrossRef]

Torres-Limifiana, J.; Feregrino-Pérez, A.A.; Vega-Gonzalez, M.; Escobar-Alarcon, L.; Cervantes-Chévez, J.A.; Esquivel, K. Green
synthesis via Eucalyptus globulus L. extract of Ag-TiO, catalyst: Antimicrobial activity evaluation toward water disinfection
process. Nanomaterials 2022, 12, 1944. [CrossRef]

Barzinjy, A.A.; Azeez, H.H. Green synthesis and characterization of zinc oxide nanoparticles using Eucalyptus globulus Labill. leaf
extract and zinc nitrate hexahydrate salt. SN Appl. Sci. 2020, 2, 991. [CrossRef]

Maheshwaran, G.; Muneeswari, R.S.; Bharathi, A.N.; Kumar, M.K.; Sudhahar, S. Eco-friendly synthesis of lanthanum oxide
nanoparticles by Eucalyptus globulus leaf extracts for effective biomedical applications. Mater. Lett. 2021, 283, 128799. [CrossRef]
Iconaru, S.L.; Ciobanu, C.S.; Predoi, D.; Motelica-Heino, M.; Negrila, C.C.; Badea, M.L.; Predoi, M.V.; Chifiriuc, C.M.; Popa, M.
Nitrogen and bromide Co-doped hydroxyapatite thin films with antimicrobial properties. Coatings 2021, 11, 1505. [CrossRef]
Marinescu, G.; Culita, D.C.; Mocanu, T.; Mitran, R.-A.; Petrescu, S.; Stan, M.S.; Chifiriuc, M.C.; Popa, M. New nanostructured
materials based on mesoporous silica loaded with Ru(Il)/Ru(Ill) complexes with anticancer and antimicrobial properties.
Pharmaceutics 2023, 15, 1458. [CrossRef] [PubMed]

Pradeep, M.; Kruszka, D.; Kachlicki, P.; Mondal, D.; Franklin, G. Uncovering the phytochemical basis and the mechanism of plant
extract-mediated eco-friendly synthesis of silver nanoparticles using ultra-performance liquid chromatography coupled with a
photodiode array and high-resolution mass spectrometry. ACS Sustain. Chem. Eng. 2022, 10, 562-571. [CrossRef]

Banifatemi, S.S.; Davar, F.; Aghabarari, B.; Segura, J.A.; Alonso, FJ.; Ghoreishi, S.M. Green synthesis of CoFe,O4 nanoparticles
using olive leaf extract and characterization of their magnetic properties. Ceram. Int. 2021, 47, 19198-19204. [CrossRef]
Hosterman, B.D. Raman Spectroscopic Study of Solid Solution Spinel Oxides. Ph.D. Dissertation, University of Nevada, Las
Vegas, NV, USA, August 2011. [CrossRef]

Slotznick, S.P; Shim, S.-H. In situ Raman spectroscopy measurements of MgAl,O, spinel up to 1400 °C. Am. Mineral. 2008, 93,
470-476. [CrossRef]

29



Coatings 2023, 13, 1250

38.

39.

40.

41.

42.

43.

44.

45.

D'Ippolito, V.; Andreozzi, G.B.; Bersani, D.; Lottici, PP. Raman fingerprint of chromate, aluminate and ferrite spinels. J. Raman
Spectrosc. 2015, 46, 1255-1264. [CrossRef]

Chandramohan, P; Srinivasan, M.P,; Velmurugan, S.; Narasimhan, S.V. Cation distribution and particle size effect on Raman
spectrum of CoFe;Oy. |. Solid State Chem. 2011, 184, 89-96. [CrossRef]

Motelica, L.; Ficai, D.; Oprea, O.; Ficai, A.; Trusca, R.-D.; Andronescu, E.; Holban, A.M. Biodegradable alginate films with ZnO
nanoparticles and Citronella essential oil—A novel antimicrobial structure. Pharmaceutics 2021, 13, 1020. [CrossRef]

Grigorova, M.; Blythe, H.].; Blaskov, V.; Rusanov, V.; Petkov, V.; Masheva, V.; Nihtianova, D.; Martinez, L.; Munoz, ].S.; Mikhov, M.
Magnetic properties and Mossbauer spectra of nanosized CoFe,O4 powders. |. Magn. Magn. Mater. 1998, 183, 163-172. [CrossRef]
Palade, P.; Comanescu, C.; Kuncser, A.; Berger, D.; Matei, C.; Iacob, N.; Kuncser, V. Mesoporous cobalt ferrite nanosystems
obtained by surfactant-assisted hydrothermal method: Tuning morpho-structural and magnetic properties via pH-variation.
Nanomaterials 2020, 10, 476. [CrossRef]

Hunpratub, S.; Phokha, S.; Kidkhunthod, P.; Chanlek, N.; Chindaprasirt, P. The effect of cation distribution on the magnetic
properties of CoFe;O4 nanoparticles. Results Phys. 2021, 24, 104112. [CrossRef]

Stoner, E.C.; Wohlfarth, E.P. A mechanism of magnetic hysteresis in heterogeneous alloys. Philos. Trans. R. Soc. A 1948, 240, 599.
[CrossRef]

Chikazumi, S. Physics of Ferromagnetism; Oxford University Press: Oxford, UK, 1997.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

30



E coatings

Article

Photopolymerised Coatings with Nanopigments Based on

Dye Mixtures

Viktor B. Ivanov 1, Elena V. Solina ! and Peter P. Levin 1'%*

Department of Dynamics of Chemical and Biological Processes, Semenov Federal Research Center of
Chemical Physics, Russian Academy of Sciences, Moscow 119991, Russia

Laboratory of Photo- and Chemiluminescent Processes, Emanuel Institute of Biochemical Physics,
Russian Academy of Sciences, Moscow 119334, Russia

Correspondence: levinp@mail.ru or levinp@sky.chph.ras.ru; Tel.: +7-4959397314

Abstract: The properties of new coatings with nanopigments (NPs) prepared by the dye mixture
treatment of montmorillonite modified with cationic surfactants were investigated. The colorimet-
ric parameters of polymer films with nanopigments were determined. The mutual interference
of the dyes in their adsorption on nanoparticles and their colourfastness (photostability) to light
was analysed. The properties of oligomer/monomer compositions with synthesised nanopigments
designed for the printing of non-metallic surfaces were discussed. The structure of nanopigments
and polymerised oligomer/monomer compositions was revealed by small-angle X-ray diffraction,
UV-Vis spectra, and atomic force microscopy. NPs with a wide colour range were prepared using
dye mixtures. One other advantage of these NPs over NPs based on individual dyes is the possi-
bility to increase the total concentration of the colouring components in the NPs and to increase
the colourfastness.

Keywords: coating; nanopigments; dye; montmorillonite; surfactant; surfaces printing

1. Introduction

Photopolymerised compositions are widely used in various fields of technology,
but their use as materials for 3D printing [1], in holography [2,3], and in flexographic
printing [4] seems to be particularly promising. The use of nanomaterials for coatings is
also encouraging [5]. It seems obvious that the combination of these technologies can lead
to the production of new materials and products with new, unique properties.

Nanopigments (NPs) produced by different methods represent a rather interesting
class of nanomaterials. Therefore, their preparation and the analysis of their properties
can be quite interesting to investigators in various branches of chemistry and chemical
technology [6—14]. The main efforts are currently concentrated on the synthesis and study
of inorganic NPs [6-14]. Such nanoparticles, in particular, can be used in order to obtain
magnetically sensitive holographic images [3].

However, the development of a method for the preparation of organic pigments with
a nano-sized structure is also of interest [12-14]. Intermedjiate to these research topics is the
synthesis of hybrid organic-inorganic NPs [15-21], which can be achieved in particular by
applying organic dyes on inorganic nanoparticles, such as natural montmorillonite [16]
or montmorillonite modified by cationic surfactants (MMCS) [19-21]. The advantage of
MMCS is the good compatibility of NPs with monomers, oligomers, and polymers, which
significantly contributes to high colour quality. The essential limitations of such NPs are
the relatively low concentrations of the colouring component (a dye)—which usually does
not exceed 30 wt%—and restricted colour range. The latter circumstance is associated
less with the “discreteness” of colours of individual dyes and more with the incapability
of many of them to withstand the severe conditions of use in NPs, particularly during
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photopolymerisation in oligomer/monomer compositions. As shown previously, the colour
range can be significantly improved using NPs based on dye mixtures [19,20].

The goals of this investigation were to extend the class of NPs based on MMCS and
dye mixtures, to analyse their composition and properties, and to analyse the possibility of
using NPs in oligomer/monomer compositions.

The scientific novelty of this work was in analysing the possibility of obtaining
nanopigments based on dye mixtures, evaluating the adsorption of each of the dyes
from their mixture, and identifying the specific effects of increasing the total amount of
adsorbed dyes compared to individual dyes. The dyes’ nanopigment colourfastness to
light in a polymer matrix, along with the effects of the mutual influence of dyes on colour-
fastness, was studied. The effects of the nanopigments on the photopolymerisation of
oligomer/monomer compositions in comparison with that of the conventional pigments
were evaluated. The structure and the resistance of the coatings to physical and chemical
influences were analysed.

Our approach to solving these problems is based on three hypotheses: (1) dyes can
be adsorbed independently on the surface of montmorillonite, and this can lead to an
increase in the total content of the colouring component in the NPs; (2) dyes can mutually
affect their resistance to light due to shielding action or intermolecular energy transfer;
(3) NPs based on mixtures of dyes, as well as NPs based on individual dyes, can be used in
photopolymerising compositions intended, in particular, for printing on textile materials.

Experimental verification of these hypotheses constitutes the novelty of this work and
its potential practical significance.

The choice of Cloisite 20A and Cloisite 10A products as nanoparticles for the pro-
duction of NPs was due to the fact that they contain the same modifying surfactants, but
at significantly different contents. This allows modification of the NPs’ properties. An
important additional argument was the availability of data obtained earlier for similar NPs
based on individual dyes [21], as well as the high quality and commercial availability of
the products.

The choice of dyes for the production of NPs was determined by the expediency of
testing the possibility of using dyes of various colours and different classes (i.e., cationic,
anionic, and dispersed) used in the textile industry. In particular, this guarantees the
availability of acceptable hygienic characteristics. An additional factor, as before, was
the availability of data on the properties of NPs based on the individual use of some of
these dyes.

2. Experimental
2.1. Materials

The samples of montmorillonite modified by the cationic surfactants (HT),N*(CHj3),C1~
(MMCS-1) and HTN*(CH3),CH,CsH5Cl~ (MMCS-2)—manufactured by Southern Clay
Products, Inc. (Austin, TX, USA) under the brand names Cloisite 20A and Cloisite 10A,
respectively—were used as nanoparticles for NP preparation, where HT is alkyl Cyg (~65%),
C16 (~30(70), and C14 (~50/o).

The dyes Basic Red 13 (CI 48015), Basic Red 18 (CI 11085), Acid Red 18 (CI 16255),
Acid Red 73 (CI 27290), Acid Red 441, Mordant Red 7 (CI 18760), Direct Red 239 (CI 29160),
Acid Yellow 76 (CI 18850), Basic Yellow 13 (CI 48056), Direct Yellow 1 (CI 22250), Disperse
Yellow 13 (CI 58900), Acid Violet 49 (CI 42640), Direct Violet 9 (CI 27885), Acid Green 25 (CI
61570), Direct Blue 151 (CI 24175), Direct Blue 199 (CI 74190), Disperse Blue 7 (CI 62500),
Disperse Blue 56 (CI 63285), Direct Brown 95 (CI 30145), Disperse Orange 11 (CI 60700),
Disperse Orange 30 (CI 11119), Disperse Red 50 (CI 11226), Reactive Red 247 (produced by
“Novocheboksarsky Chemical Plant” OJSC (Novocheboksarsk, Russia)), and Reactive Blue
38 (SCPL, India) were used as colouring components of the NPs.

For NP preparation and film-casting, analytical-grade ethanol, acetone, benzene, and
methylene chloride were used.
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The main binder components for the oligomer/monomer compositions were a labo-
ratory sample of oligourethane methacrylates with an average molecular weight of 1400,
based on oligotetrahydrofuran with tolylene isocyanate end groups (OUMA), which were
synthesised by the Polymer Department of Semenov Federal Research Center for Chemical
Physics, Russian Academy of Sciences, Moscow Russia. The industrial products of the
interaction of 2,4-toluylene diisocyanate with Laprol 2000 and hydroxypropyl methacry-
late (OUMA-2002T) or hydroxypropyl methacrylate (OUMA MTM, “Khimtranzit” LLC,
(Dzerzhinsk, Russia)) were used as well.

In order to increase the colour composition fixing rate, trimethylolpropane triacrylate
(“Yarsintez” JSC RI, Yaroslavl, Russia) was used as a crosslinking agent.

The photoinitiator was 2,6-di-tert-butyl anthraquinone (NIOPiK, Moscow, Russia),
and the non-ionogenic surfactants were polypropylene glycol (Schuchardt, Munchen,
Germany), polyoxyethylene sorbitol monostearate (Tween 20, Merk KGaA, Darmstadyt,
Germany), and polyethylene glycol (Ferak Berlin GmbH, Berlin, Germany).

Poly(methyl methacrylate) (PMMA) of the Plexiglas 8N brand with M ~ 160,000 and
polystyrene (PS) of the PSM-115 brand were the model media for the study of the NPs’
colorimetric parameters and the phototransformations of the dyes in terms of composition.

The choice of dyes was determined by the need to study dyes of different classes (i.e.,
cationic, anionic, dispersed, and active), by their colour characteristics, and by the ability to
compare the obtained results with similar data for nanopigments based on individual dyes.

The purity of the nanopigments was determined by the purity of the modified mont-
morillonite and dyes used. These products were directly obtained from manufacturers
who guarantee their quality in accordance with specifications. Chemically pure solvents
and distilled water used during the application of dyes cannot lead to contamination of the
resulting nanopigments.

2.2. Methods

Dyed films with NPs were formed by the slow evaporation of the solvent from PMMA
or PS solution in a benzene-methylene chloride mixture. To improve the distribution of
NPs in the polymer solution, samples were preliminarily processed using an ultrasonic
disperser for 30-60 s.

The oligomer/monomer compositions were produced by mixing oligourethane
methacrylate (67.5 wt%), trimethylolpropane triacrylate (22.5 wt%), 2,6-di-tert-butyl an-
thraquinone (2.6 wt%), NPs (3.7-7.4 wt%) and, in individual cases, non-ionogenic surfac-
tants (0-7 wt%). The mixtures were then processed by an ultrasonic disperser for 30-60 s.

Photochemical aging was applied using a Q-SUN (Q-Lab corporation, Cleveland, OH,
USA) device utilising filter systems matching the spectral composition of sunlight under
natural conditions (i.e., radiation wavelength greater than 290 nm), with a light intensity of
1000 W/m?.,

The colorimetric parameters of dyed films in the CIELAB-76 system were determined
using a ColorFlex spectrocolorimeter (HunterLab, Reston, VA, USA). The values of L*, a*,
and b* were determined directly from the measurements of the reflection spectra and their
processing by the ColorFlex instrument software (version 1.32B).

Colourfastness was tested in accordance with the following standards: ISO 105-B04
(to light), ISO 105-C06 (to washing), ISO 105-E01 (to distilled water), ISO 105-E04 (to
perspiration), and ISO 105-X12 (to dry rubbing).

The NP sizes and the surface parameters of the dyed compositions were determined
using an atomic force microscope (NT-MDT, Ltd, Moscow, Russia). Small-angle X-ray
measurements were performed using a Bruker NANOSTAR device (Bruker Inc., Billerica,
MA, USA).

The UV-Vis absorption spectra of dyes in solutions and films were recorded using a
MultiSpec-1501 spectrophotometer (Shimadzu, Kyoto, Japan).
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3. Results and Discussion
3.1. NP Synthesis Based on Dye Mixtures

NPs based on dye mixtures were prepared in accordance with the synthesis techniques
for NPs based on individual dyes [21].

NP synthesis was carried out by simply adding a mixture of dyes in water or a mixture
of water and acetone (for cationic and anionic dyes), or in acetone (for dispersed dyes), to
modified montmorillonite while stirring the solution, after which they were isolated by
filtration. The dye content in the NPs was determined based on the differences in their
contents in the solution before and after treatment of the montmorillonite, estimated based
on the changes in the absorption spectra of the solutions.

It was shown that, after the addition of the dye, the filtrate can be reused for the
synthesis of NPs; therefore, this method of obtaining NPs is largely waste-free.

Numerous experimental data indicated that the total dye concentration in NPs de-
pends on a number of factors, including the following:

- The structure, ratio, and total concentration of the applied dyes in the solution;

- The structure of the surfactants used for MMCS production and their contents of
montmorillonite;

- The ratio of the quantity of MMCS to the volume of the dye solution.

The data obtained provide qualitative proof that, during the preparation of NPs based
on dye mixtures, the dye features and surfactant structural effects are the same as those for
the individual dyes [21].

3.2. Some Features and Advantages of NPs

Colorimetric analysis of PMMA with NPs based on dye mixtures (Table 1) proves that
their use can yield paints of various colours and hues.

Table 1. Conditions of nanopigments preparation, dyes’ loading in nanopigments, and colour
coordinates of the coloured PMMA films.

Dye NP Colour Coordinates
MMCS Dyes (wt%) Solvent Loading in Content in
NP 2 (Wt%) PMMA (Wt%) L* a* b*
MMCS-2 Disperse Blue 56 (10)/Disperse Yellow 13 (10) EtOH 17.0 8 18.50 —41.11 0.10
MMCS-2 Disperse Blue 56 (5)/Disperse Yellow 13 (15) EtOH 16.1 10 23.28 —46.16 19.57
MMCS-1 Direct Blue 199 (5)/Direct Yellow 1(15) EtOH/H,0 13.4 10 27.97 —52.43 36.56
MMCS-1 Direct Blue 199 (10)/Direct Yellow 1 (10) EtOH/H,0 13.3 10 17.52 —43.47 18.55
MMCS-2 Disperse Orange 30 (15)/Disperse Blue 7 (15)  Me,CO/H,O  15.0/15.0 30 31.87 —-3291 25.44
MMCS-2 Direct Red 239 (30)/Direct Violet 9 (10) EtOH/H,0 16.9/7.8 4 8.50 34.55 11.92
MMCS-2 Direct Red 239 (20)/Direct Violet 9 (20) EtOH/H,0 10.5/16.4 4 497 23.32 4.56
MMCS-1 Basic Yellow 24 (20.4)/Direct Yellow 1 (10) EtOH/H,0O 20.3/9.8 8 58.67 32.10 93.80
MMCS-2 Acid Violet 49 (18)/Disperse Blue 56 (18) Me,CO/H,0 2.4/18.0 8 1.96 3.63 —6.62
MMCS-2 Basic Red 18 (30)/Acid Violet 49 (3.3) EtOH/H,0 19.6/3.3 8 4.71 15.78 4.70
MMCS-2 Acid Violet 49 (20)/Acid Yellow 76 (30) EtOH/H,0 6.7/28.8 4 0.73 0.38 0.13
MMCS-2 Direct Yellow 1 (20)/Direct Red 239 (20) EtOH/H,0 16.0/8.2 4 35.24 60.67 56.96
MMCS-2 Acid Yellow 76 (20)/Reactive Blue 38 (20) EtOH/H,0 16.9/15.3 4 10.86 —24.02 14.92

@ Weight percent per mass of MMCS.

For instance, NPs based on yellow and blue dyes, red and violet dyes, and red and
yellow dyes produce green, vinous, and orange tints, respectively. This expected result can
be considered to be the first advantage of NPs based on dye mixtures over NPs based on
individual dyes.

NPs based on dye mixtures were also found to possess an additional, unexpected
feature: In a number of cases, when the dye mixtures were applied on MMCS, their total
content in the NDPs significantly exceeded the contents of individually applied dyes under
the same NP production conditions (Table 1). This important feature has a potentially
valuable practical application: the possibility of achieving strong hues without increasing
the NP concentration in the dye composition. This phenomenon is general, being observed
for both mixtures of dyes of the same class and for mixtures of various classes, including
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dyes of the same colour (Table 1). This feature can be considered as a second important
advantage of NPs based on dye mixtures.

A more sophisticated analysis of the effect of total dye content in NPs on their ratio
in the mixture of Acid Yellow 76 and Reactive Blue 38 dyes (Figure 1) reveals a parabolic
shape with downward-directed branches, where the top is usually located in the area of
comparable quantities of each dye. Such plots are typical for well-known synergistic effects
of the oxidation processes of organic compounds and polymers [22]. It is interesting that
the relationships for dye loadings are in close agreement with the relationships for dye con-
centrations in solutions used for the NP preparation process (1, 0.70, 0.48, and 0.24 versus
1.0, 0.75, 0.50, and 0.25, respectively). Among these effects, a special group is composed of
those explained by trivial mechanisms, in accordance with which the synergistic effect is
associated with the limited solubility of one or both of the additives [23]. This synergistic
effect is due to the interactions of dyes when the adsorption of one dye does not interfere
with, but rather promotes the adsorption of another. Formally, a similar effect is observed
for polymer light stabilisers when one stabiliser improves the distribution (solubility) of the
other in the polymer [23]. In the first case, each of the additives dissolves independently,
and their total concentrations increase relative to their individual concentrations. In the
second case, one of the additives increases the solubility of another additive, increasing
its concentration in the mixture. In the case of dye adsorption, possible synergistic mech-
anisms may also be trivial. If each of the dyes is mostly adsorbed on centres of different
types, the total content will be higher than that in the case of the adsorption of individual
substances. Correspondingly, in the case of multilayer adsorption, one of the dyes may
form new centres for the adsorption of another dye. Particular ratios of dye concentrations
at which the synergistic effect is strongest can only be determined empirically at present,
because of the lack of experimental data allowing the determination of the mechanism.

[ryes Toadimgs (wl™

[Reactive Blue 38 'Acid Yellow 76]

Figure 1. The effect of limited dye loading in MMCS-2-based NPs on the relationship of concentrations
of Reactive Blue 38 and Acid Yellow 76 in the ethanol/water solutions used for NP preparation. (Blue
is Reactive Blue 38 only, dark green, medium green and light green is Reactive Blue 38/ (Reactive
Blue 38 + Acid Yellow 76) relation 0.75, 0.5 or 0.25, and yellow is Acid Yellow 76 only).

The use of NPs based on dye mixtures was also found to produce increasing colour-
fastness to light (photostability) (Table 2), evaluated in points (i.e., ISO 105-B04: 1997);
colour resistance to artificial weathering; xenon arc lamp attenuation test).

In some cases, the effect was rather significant: the colourfastness of the mixed pigment
not only reached the colourfastness of the most stable component, but even noticeably
exceeded it (Table 2). For such systems, the phenomenon can be considered as truly
synergistic one, because the effect observed exceeds not only the sum of the effects of the
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components with regard to their ratio in the mixture, but even the value that might be
provided by the most efficient component. This can be considered as one other advantage

of NPs based on dye mixtures compared with NPs based on individual dyes.

Table 2. Colourfastness of PMMA films # with nanopigments.

Dye Loading in NP Content in

Nanopigment MMCS NP (wt%) PMMA (wt%) Colourfastness
Direct Violet 9 MMCS-2 19.8 4 4-5
Direct Red 239/ Direct Violet 9 MMCS-2 10.5/16.4 4 5-6
Direct Red 239/ Direct Violet 9 MMCS-2 16.9/7.8 4 34
Direct Red 239 MMCS-2 18 4 2-3
Direct Blue 199 MMCS-1 10.5 4 4
Direct Blue 199/Direct Yellow 1 MMCS-1 13.3 10 7
Direct Blue 199/Direct Yellow 1 MMCS-1 13.4 10 67
Direct Yellow 1 MMCS-1 9.8 8 6-7
Basic Yellow 24 MMCS-1 204 4 5
Basic Yellow 24 /Direct Yellow 1 MMCS-1 20.3/9.8 8 5

a The thickness of the PMMA films was ~400 um.

The mechanism of this synergistic stabilising action is rather complicated. It is nec-
essary to take into account the colourfastness (photostability) of the dyes themselves,
estimated based on the relative rate of their consumption, as measured by the decrease in
absorption in the visible region. The simplest explanation is based on experimental facts
indicating a (frequently significant) reduction in the consumption rate of the less-stable
dye, caused by light in the presence of the more stable dye (Figure 2, curves 1 and 3).
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Figure 2. Kinetic curves of the photodegradation of Reactive Blue 38 in PS films coloured by MMCS-
2-based NPs with a mixture of Reactive Blue 38 (8.6 wt%) and Acid Yellow 76 (27.0 wt%) (1) and
in mixtures of NPs with Reactive Blue 38 (19.1 wt%) and NPs with Acid Yellow 76 (19.0 wt%) only
(2). Curve 3 shows the kinetics of Reactive Blue 38 consumption in the film coloured by NPs with
Reactive Blue 38 (19.1 wt%) only. The NP contents in the films are 1.5 (1), 0.7 (2), and 0.8 wt% (3). The
film thickness is 400 um. The measured parameter is the optical density at time (h) after photolysis
(A7) and initial one (A0Q) at a wavelength of 668 nm, corresponding to the absorption maximum of
Reactive Blue 38, as determined experimentally based on the UV-Vis absorption spectrum of PS film
containing NPs with Reactive Blue 38 only.

Figure 2 describes the changes in optical density at a wavelength of 668 nm, corre-
sponding to the maximum of the absorption spectrum of Reactive Blue 38. As can be seen
in Figure 2, the kinetic curves have a complex shape—a fast initial section is followed by a
slower stage. The criterion of stability in this case is a decrease in optical density by 40%,

36



Coatings 2023, 13, 300

corresponding to a pronounced change in the colour of the composition; therefore, further
continuation of irradiation is of no practical importance.

In the example under consideration for NPs based on Acid Yellow 76 and Reactive
Blue 38, the screening effect contributes significantly. This screening action is due to the fact
that the light-resistant yellow dye strongly absorbs light in the short-wavelength visible
region and, thus, reduces the amount of light absorbed by the blue dye in this—the most
dangerous area for it. In this case, Acid Yellow 76, which is a more light-stable dye, protects
(screens) Reactive Blue 38—the less stable dye—against the most dangerous UV light. The
contribution of the screening effect can be assessed by analysing the consumption kinetics
of Reactive Blue 38 in the mixture of NPs based on dyes individually applied on MMCS
(Figure 2, curve 2). Importantly, in this experiment, for the samples that include a pigment
based on a mixture of dyes and a mixture of pigments containing individual dyes, equal
optical density in the absorption range of every dye was required. Comparing curves 1-3 in
Figure 2, the screening effect contributes significantly to the retardation of the consumption
of Reactive Blue 38—the less light-stable dye—in both the initial fast stage and the later
slower stages.

It is worth mentioning that the presence of clearly defined bands in the absorption
spectra and the absence of noticeable light scattering are important proof of the adsorption
of the dyes at the molecular level. It is essential that absorption spectra are also recorded
for ionic dyes that are not soluble in organic solvents and cannot be directly embedded in
organic polymers and photopolymerising systems.

When NPs with extremely low colourfastness dyes were used (Figure 3), a significant
increase in the consumption rate for the more stable dye was observed (Figure 4), leading to
low colourfastness. For instance, in the presence of NPs based on a mixture of Disperse Blue
56 and Disperse Yellow 13, the colourfastness of the PMMA films was only 2, whereas that
for NPs based on individual Disperse Blue 56 dye was 3. However, even in this specially
selected example, where a photochemically active dye predominates over a stable dye, the
antagonism for dye mixtures in NPs was not observed. This is because the more stable
Disperse Blue 56 dye retards the consumption of the Disperse Yellow 13 dye. Consequently,
the colourfastness for NPs based on dye mixtures is much higher than for NPs based on
Disperse Yellow 13, the colourfastness of which is only 1.

Absorbance

02 T T T T T T T T T T T T T 1
350 400 450 500 550 600 650 700
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Figure 3. Variation in the near-UV and visible absorption spectra of PMMA films coloured by
MMCS-2-based NPs with Disperse Blue 56 and Disperse Yellow 13 with the duration of photolysis,
as determined by Suntest. The NP content in the film was 1.04 wt%, and the loadings of Disperse
Blue 56 and Disperse Yellow 13 in the mixture were 16.1 wt%. The film thickness was 400 um. The
numbers in the figure next to the arrow indicate the irradiation time, hours.
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Figure 4. Kinetic curves of the photodegradation of Disperse Blue 56 in PMMA films coloured by
MMCS-2-based NPs with Disperse Blue 56 (17.5 wt%) only (1) or a mixture of Disperse Blue 56
and Disperse Yellow 13 (16.1 wt%) during irradiation in Suntest. The NP contents in the film were
2.45 wt% (1) and 3.1 wt% (2), and the film thickness was 300 um. The measured parameter was the
optical density at a wavelength of 634 nm, corresponding to the maximum absorption of Disperse
Blue 56, as determined experimentally by the UV-Vis absorption spectrum of a PS film containing
NPs with Reactive Blue 56 only.

3.3. UV Inks Based on NPs with Dye Mixtures

NPs based on mixtures, similar to those based on individual dyes [21], may be used
as the colouring components of photopolymerisable oligomer/monomer compositions
(UV inks). These inks preserve all of the advantages in comparison with UV inks based
on common pigments, among which higher colourfastness to rubbing and reduced UV
radiation time required for the fast fixing of colouring compositions are of the highest
importance (Table 3). In this respect, compared with NPs based on individual dyes, NPs
based on dye mixtures used in UV inks naturally preserve all of the advantages associated
with the possibility of varying colour and hue over a broad range due to the increasing
concentration of the colouring agent, and they also exhibit increased colourfastness.

Table 3. Colourfastness of textile materials coloured by UV inks # with nanopigments or pigments to
physicochemical impacts.

Dye Content of Physicochemical Impacts
Nanopigment (wt%) MMCS Loading in Colouring b Distilled Irradiation
° istille e . i i

NP 2 (wt%) Comgz)ent Rubl?i’ng Water Perspiration Washing  Time (min)
Acid Yellow 76 /Reactive Blue 38 MMCS-2 16.9/15.3 4 5/4 5/5/5 5/5/5 5/5/5 2
Acid Yellow 76/Reactive Blue 38 MMCS-2 8.5/19.4 4 5/4 5/5/5 5/5/5 5/5/5 2
Direct Yellow 1/Direct Red 239 MMCS-2 16.0/8.2 4 5/3 5/5/5 5/5/5 5/5/5 2
Disperse Bue 56/ Disperse MMCS-2 170 7 5/5 5/5/5 5/5/5 5/5/5 2
Direct Blue 199/Direct Yellow 1 MMCS-1 13.3 7 5/5 5/5/5 5/5/5 5/5/5 2
Direct Blue 199/Direct Yellow 1 MMCS-1 134 7 5/5 5/5/5 5/5/5 5/5/5 2
Acid Violet 49/Disperse Blue 56 ~ MMCS-2 24/18 7 5/4-5 5/5/5 5/5/5 5/5/5 3
Direct Red 239/Direct Violet 9 MMCS-2 10.5/16.4 4 5/4 5/5/5 5/5/5 5/5/4 2
Direct Red 239/Direct Violet 9 MMCS-2 16.9/7.8 4 5/4-5 5/5/5 5/5/5 5/5/4 2
Pigment Irgalite Blue NGA - - 2 4/2-3 5/5/5 5/5/5 5/5/5 12

2 OUMA (67-70 wt%), TMPTA (23 wt%), 2,6-di-tert-butylanthraquinone (3 wt%).

3.4. Nano-Sized Structure of Printing Composition with NPs Based on Dye Mixtures

Similar to the case with NPs based on individual dyes [21], the advantages of UV inks
with NPs based on dye mixtures are likely the result of their nano-sized structure. One
important source of support for this hypothesis is provided by the AFM data (Figure 5),
which indicate the absence of structures higher than 100 nm and wider than 500 nm at the
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base from the film surface produced by curing UV inks with NPs based on a mixture of
Acid Violet 49 and Disperse Blue 56 dyes. As mentioned above [21], inks with NPs are
fundamentally different from UV inks based on common pigments. In the latter case, the
surface has heterogeneities with typical sizes of 0.8-1.2 um in height and 1-2 pm in width
at the base.

Figure 5. AFM image of a UV-cured film containing OUMA (67 wt%), TMPTA (23 wt%), 2,6-di-tert-
butylanthraquinone (3 wt%), and MMCS-2-based NPs with a mixture of Acid Violet 49 and Disperse
Blue 56. The NP content is 7 wt%, and the loadings of Acid Violet 49 and Disperse Blue 56 on the
MMCS-2 are 2.4 and 18.0 wt%, respectively.

Figure 3 shows that, compared with films coloured by common pigments, films con-
taining NPs based on dye mixtures have an additional feature: they are transparent in the
visible range beyond the absorption bands of the dyes. Thus, the NP sizes do not funda-
mentally exceed the light wavelength (400-700 nm). Therefore, the spectrophotometric
analysis corroborates the conclusion about the nano-sized structure of NPs and materials
based on these NPs, supporting the AFM results.

A more in-depth study of the films by small-angle X-ray diffraction analysis, however,
indicates that some of the NP nanoparticles are present in the form of aggregates (packs),
each comprising several tens of MMCS plates with applied dyes (Figure 6). The presence
of clearly expressed basal reflexes, which are absent in similar films without NPs and in
films with a common pigment, proves the presence of regulation zones provided by the
formation of MMCS plate aggregates (30 nm thick) with a characteristic distance between
layers (plates) of 3.5 nm. These assessments correlate well with the data obtained for
analogous samples containing MMCS in the absence of a dye (i.e., an aggregate thickness
of ~35 and an interlayer distance of 3.9 nm). Because the interlayer distance in these
aggregates exceeds the MMCS interlayer distance (1.9 nm), the data obtained indicate
intercalation of the oligomer/monomer binder to almost the same extent in both NPs and
MMCS without the dye. These results are fully consistent with what is known about the
structure of polymer mixtures with montmorillonite nanoparticles, in accordance with
which both polymers intercalate into the interlayer space when mixed, and nanoparticles
exfoliate [23]. The local microsurroundings of the dye molecules in such aggregates (i.e.,
oligomer /monomer binder and a surfactant fragment) do not significantly differ from their
surroundings when they are located in individual MMCS particles. Consequently, the
difference in spectral characteristics should not be significant.
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Figure 6. The small-angle X-ray scattering of UV-cured films containing OUMA (67 wt%), TMPTA
(23 wt%), and 2,6-di-tert-butylanthraquinone (3 wt%) without NPs (1), with MMCS-2 (7.0 wt%) only
(2), and with MMCS-2-based NPs (7.0 wt%) containing a mixture of Reactive Blue 38 (21.7 wt%) and
Acid Yellow 76 (20.0 wt%) (3).

4. Conclusions

A new approach to the production of coloured coatings, with nanopigments (NPs) pre-
pared by the dye mixture treatment of montmorillonite modified with cationic surfactants,
was developed.

The application of dye mixtures on MMCS allows the preparation of NPs with a wide
colour range. Additional advantages of these NPs over NPs based on individual dyes
include the possibility of increasing the total concentration of the colouring component in
the NPs, as well as increased colourfastness.

The use of NPs based on dye mixtures in the composition of UV inks preserves all
of the advantages of NPs relative to common organic pigments, among which a decrease
in the radiation time required for the fast fixing of colour composition and an increase in
colourfastness to rubbing are the most important.

The nano-sized structure of NPs and compositions based on these NPs was proven
through a number of physicochemical methods, including UV-Vis spectrophotometry,
X-ray diffraction analysis, and atomic force microscopy.
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Abstract: Fe-B based compounds are of high interest due to their special properties and the wide
range of involved applications. While B is the element that facilitates the increase in the hardness
and the degree of wear resistance, it is also an effective glass former, controlling the formation of
a much-desired amorphous structure with specific magnetic properties. Major difficulties related
to the proper engineering of Fe-B thin films lay especially in their preparation under well-defined
compositions, which in turn, should be accurately determined. The present study closely analyzes
the morpho-structural and magnetic properties of thin coatings of Fe-B of approximately 100 nm
thickness and with the nominal B content ranging from 5 at. % to 50 at. %. The comparison between
films obtained by two preparation methods, namely, the thermionic vacuum arc and the magnetron
sputtering is envisaged. Morpho-structural properties were highlighted using X-ray diffraction
supplemented with X-ray reflectometry and scanning electron microscopy, whereas the elemental
investigations were performed by X-ray dispersive spectroscopy and Rutherford back-scattering
spectroscopy. The magnetic properties of the Fe-B layers were carefully investigated by the vectorial
magneto-optic Kerr effect and conversion electron Mossbauer spectroscopy. The high capability
of Mossbauer Spectroscopy to provide the phase composition and the B content in the formed Fe-
B intermetallic films was proven, in correlation to Rutherford back-scattering techniques, and to
explain their magnetic properties, including the magnetic texture of interest in many applications, in
correlation with longitudinal magneto-optic-Kerr-effect-based techniques.

Keywords: TVA; magnetron Sputtering; Fe-B films; magnetic texture; Mossbauer spectroscopy

1. Introduction

Since the 1970s, when the preparation of amorphous Fe-P-C compounds used an
ultrafast solidification technique [1], many other amorphous metals containing iron and
appropriate glass formers have been developed. Such alloys present a particular interest,
especially in the field of electrical engineering (transformers and sensors based on magneto-
impedance effects), due to their special soft magnetic characteristics. In addition to P
and C, B is also a good glass forming agent helping in the formation of Fe-B amorphous
compounds with relatively low concentrations of B. Except in its combination with Fe,
the unique properties of boron and its behavior in relation to other metals have led to the
production of a large class of borons, from YBgs (monochromator for synchrotron radiation),
to (MgBy) [2], known for its superconducting properties, and (AlFe;B,) [3], known for its
magneto-caloric properties. Last but not least, boron is essential in the class of Nd,Fe14B
hard magnetic materials [4-8]. In literature, the interest in iron boride is already well
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known. Iron-boron compounds are of considerable interest because boride layers on iron
and steel have a high wear resistance [9-13]. Iron borons are also used as deoxidizing
agents, designed to increase the hardness of steel and coating alloy components applied
to welded electrodes. However, despite the widespread application of these borons in
industry, their physical properties have not been sufficiently investigated. Although Fe-B
based metastable and amorphous systems can be easily obtained by melt spinning methods
as ribbons for a narrow range of B content [14,15], more challenging preparation and
investigation issues appear in the case of the counterpart thin films. Only a few studies are
reported on the magnetic properties of Fe-B based amorphous intermetallic thin films, e.g.,
containing also rare earth (RE) elements [16]. In the case of thin films, strong variations of
both mechanical and magnetic properties are expected versus the preparation conditions,
the involved techniques, as well as the B content, all these issues defining finally whether
the films are amorphous or not. The accurate determination of not only the average B
concentration in the film but also of its distribution throughout the film are other major
challenges, as many of the basic techniques are not able to provide reasonable elemental
analysis for the light elements (including B).

In light of the above, the present paper aims to make a comparison between the
structural and magnetic properties of thin coatings of Fe-B with various concentrations, as
obtained by two deposition methods: (i) thermionic vacuum arc (TVA) and (ii) magnetron
sputtering (MS). To determine the structural and compositional properties, the obtained
thin films were investigated using X-ray diffraction (XRD), X-ray reflectometry (XRR),
scanning electron microscopy (SEM), energy dispersion X-ray spectroscopy (EDX), and
Rutherford backscattering (RBS) spectroscopy. At the same time, the magnetic properties of
the Fe-B layers were carefully investigated by vectorial magneto-optic Kerr effect (MOKE)
and conversion electron Mossbauer (CEM) spectroscopy.

2. Experimental Details

Fe-B thin films of different concentrations were prepared by the two methods men-
tioned above. The nominal concentrations, presented in Table 1, second column, correspond
to the imposed effective thicknesses of Fe and B presented in columns 3 and 4. Accordingly,
the specific deposition rates of the two elements were calculated and controlled via quartz
microbalance measurements used in the cases of each deposition method (TVA and MS,
respectively).

Table 1. Prepared samples, their nominal composition and corresponding effective thickness for
each element.

No. Concentration (at. %) Fe (nm) B (nm)
1 Fe + B (5%) 96.9 3.3
2 Fe + B (10%) 97.3 7.0
3 Fe + B (20%) 86.5 14.0
4 Fe + B (30%) 79.3 22.0
5 Fe + B (40%) 70.0 30.0
6 Fe + B (50%) 60.0 40.0

2.1. Preparation by Thermionic Vacuum Arc versus Magnetron Sputtering

To obtain thin films with well-defined atomic compositions (from 5 at. % to 50 at.% of
B) by simultaneous deposition of Fe and B, two specific anode—cathode systems were used
in case of TVA. They consist of a heated tungsten filament and a heat-resistant anode made
of either titanium diboride (TiB;) for boron or of carbon for iron (see Figure 1) [17]. The elec-
trons emitted by the incandescent filament of W are subsequently accelerated to the anode
by a Wehnelt cylinder acting as an electrostatic lens by applying a positive voltage [18-20].
In the first step, the material of interest is heated by electron bombardment. The second part
consists of melting the material, giving rise to a pressure of metal vapors. Subsequently, due
to the inelastic collisions between the thermally emitted filament electrons and the Fe and B
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atoms, a plasma ignition results in the pure metallic vapors of these materials. By carefully
controlling the plasma parameters (filament current, discharge current, respectively, the
voltage applied on the anode) a constant evaporation rate is obtained for each material.
The main advantage of the TVA method with respect to MS (draws of the two discharge
configurations are presented in Figure 1) is the high quality of the deposits due to the high
vacuum conditions (lack of an additional discharge gas, e.g., Ar). Films characterized by a
high degree of purity are formed due to the absence of gaseous inclusions [21]. Another
advantage is the compactness of the coating with higher adhesion to the substrate.
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Figure 1. Experimental set-up for Fe-B deposits by (a) TVA method (left hand) and by (b) MS (right
hand), respectively.

The second method used to obtain Fe-B thin films is MS. For this experiment, Fe-B
deposits were made using r.f. magnetron sputtering for B and the dc sputtering mode
for Fe. The substrates were mounted in the vacuum chamber on a fixed circular holder
placed 10 cm from the sputtering source. The used magnetron system was composed of a
single water-cooled cathode, provided with two circular targets of B and Fe (2 mm thick
and 50 mm in diameter each). To clean the targets of oxides and other impurities, an argon
discharge plasma was initially ignited for approximately 30 min. Throughout the cleaning
process, the sample holder was shielded from the plasma with a shutter. The working
pressure of Ar was maintained at 1.5 x 102 under a continuous Ar flow of 20 sccm. An in
situ acceleration voltage of —60 V was also used on the substrates to improve the adhesion
and compactness of the deposited layers.

The substrates for the coatings in this study, independent of the deposition method,
consisted of silicon wafers with a 12 mm x 15 mm size, with an optically polished surface
and an average roughness of 6 nm. The substrates mounted in the vacuum chamber were
ultrasonically cleaned using a solution of acetone as the first cleaning agent and isopropyl
alcohol in the second stage and finally dried in atmospheric conditions. Fe-B thin films
with a thickness of 100 nm were obtained under real time monitoring conditions via quartz
microbalance systems. The base pressure was better than 10> mbar in each case.

2.2. Characterization

The structural and morphological properties of the obtained samples were analyzed
using XRD, XRR and SEM, whereas the compositional measurements were performed by
EDX and RBS.

XRD measurements were performed in Bragg—Brentano 0-20 geometry at room tem-
perature using the Bruker D8 ADVANCE diffractometer (CuKo = 1.54 A) (Bruker Scientific
Instruments, Madison, IA, USA). The data acquired for the determination of the crys-
talline phases were recorded in the range 20 = 35-60° at a scanning rate equal to 0.02°/s.
Film uniformity and thickness along with Fe-B thin film density were investigated by the
same device working under the XRR mode with a scan rate of 0.008°/s. The Z-alignment
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procedure was initially performed, and the flatness of the sample was calibrated by the
maximum of rocking curve.

For the SEM measurements, a scanning electron microscope, FEI Co., Inspect S. model
(LabX Media Group, Midland, ON, Canada) was used, with the electron acceleration
voltage varying between 0-30 kV to a working distance in the range of 0-30 mm under
high vacuum conditions. The parameters used for the measurements were: acceleration
voltage set to 25 kV, magnification 10,000X, working distance 13.5 mm, pressure of 10~* Pa.
Energy-dispersive X-ray spectroscopy (EDX) (LabX Media Group, Midland, ON, Canada)
was carried out for topographic inspection and local chemical analysis. Typically, it is
impossible to detect B by EDX. However, O X-ray yields are easily identified. The INCA
package software (version 7.3) was used for the EDX elemental analysis. The energy
calibration of the EDX facility was carried out with the K« X-ray emissions of copper
(8.05keV) and of silicon (1.74 keV).

For RBS measurements, the samples were mounted on a goniometric support ad-
justable on 3 axes with an accuracy of 0.01°. The solid silicon detector with an energy
resolution of 18 keV used for the detection of retro-scattered particles of He was positioned
at an angle of 165° with respect to the ion beam. A 0.5 mm? wide beam of He 2.6 MeV
monoenergetic ions was focused on the sample. In addition to RBS, the resonance method,
non-Rutherford backscattering spectrometry (NRBS) (High Voltage Engineering Europe
B.V., Amsterdamseweg, Netherlands), using 3.042, 3.884 and 4.282 MeV He beams, was
also applied for crosschecking the stoichiometry and thickness of the samples.

The magnetic characterizations were performed at room temperature (RT) via a vec-
torial MOKE device (M&A) (Quantum Design, San Diego, CA, USA) which allows the
acquisition of hysteresis loops for various orientations of the applied magnetic field with
respect to a fixed direction in the film plane. The in-plane angular distribution of the mag-
netization easy axis becomes accessible with direct indications on the magnetic texture of
the films. Finally, microscopic aspects related to magnetic behavior and local interactions in
relation to atomic and electronic configurations around the Fe atoms were analyzed by RT
CEM spectroscopy. A ¥Co (Rh) radioactive source was installed on a constant acceleration
spectrometer. The sample was introduced in a gas flow proportional counter working with
a mixture of methane (5%) and He. The y radiation was incident to the sample plane, and
the fitting of the Mdssbauer spectra was achieved through the NORMOS software (version
1.0.11) [22]. Isomer shift values were reported relative to metallic «-Fe at RT.

3. Results and Discussion

The results will be comparatively presented on samples obtained using the two
deposition methods, in terms of structure and morphology, as well as of the magnetic
properties.

3.1. Morphology and Structure of Fe-B Films

The comparative SEM measurements on similar films from the two batches of samples
(obtained by TVA and MS, respectively) are presented in Figure 2. Films from the two
batches, with 20 at. % and 50 at. % of B, were chosen to be presented due to the clear
differences between each other.

Figure 2 shows the SEM images of Fe-B films at a magnification of 10 kX. The mor-
phology is lacking significant roughness on the surface of the films in both deposition
batches. However, a clear difference can be seen between the films obtained by TVA and
MS. According to Figure 2, the level of mesoscopic uniformity and roughness of the films
obtained by TVA is clearly superior to the ones obtained by MS. Lower differences (films of
very good uniformity) were observed for other B contents.

XRD patterns on two samples from each batch are presented for comparison in Figure 3.
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Figure 2. SEM images for samples: (a) Fe-B (20 at. % of B) obtained by TVA, (b) Fe-B (20 at. % of B)
obtained by MS, (c) Fe-B (50 at. % of B) obtained by TVA, (d) Fe-B (50 at. % of B) obtained by MS.
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Figure 3. XRD patterns of Fe-B thin films with 5 at. % of B (a) and 50 at. % of B (b).

First, it is observed that for low concentrations of B (5%), a well crystallized film is
obtained by TVA (black line), whereas an amorphous-like or nanocrystalline film (red line)
is obtained by the more energetic MS method. For high concentrations of B, the films
obtained by both methods are amorphous. However, XRD is not able to determine an
accurate estimation of the relative content of crystalline and amorphous phase, as expected
at low to intermediate content of B. In this respect, CEM spectroscopy results, as presented
subsequently, are more concluding.

The XRR measurements for both films with 20 at. % boron nominal composition ob-
tained by TVA and MS, respectively, are shown in Figure 4. Much better formed oscillations
are evidenced in the XRR pattern of the film obtained by TVA, as direct proof of a much
better uniformity of the film at nanoscale compared to the case of the similar film obtained
by MS. However, from the involved beats, a different thickness is evidenced for the two
films: only approximately 71(1) nm in case of the film obtained by TVA and 103(2) nm for
the film obtained by MS.
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Figure 4. XRR patterns of Fe-B films (20 at. % B) obtained by TVA (a) and MS (b).

EDX measurements were made on the two films with 50 at. % of B obtained by TVA
and MS, respectively. The difficulty of an accurate determination of light elements (e.g.,
Be, B) by this technique is well known. However, the EDX spectra of the two samples
with the highest nominal concentrations of B (50 at. %) prepared by the two methods
give evidence for a lower amount of residual oxygen and to a higher boron content in the
sample prepared by TVA as compared to the one prepared by MS, and consequently, to a
much more proper ratio between Fe and B in the first sample. Nevertheless, this is rather
a qualitative result and not an accurate one, especially related to the B amount. A much
more proper method for the elemental investigation of such films is RBS. The elemental
content was also checked by NRMS, which is even more sensitive to the light elements
when compared to RBS, especially when the substrate has a high Z number.

An exemplification of the RBS data for samples of different B content obtained by
MS are presented in Figure 5a, whereas NRBS spectra collected on samples obtained by
TVA are shown in Figure 5b. The RBS spectra were simulated using SIMNRA software
package [23]. Areal density or thin film units (10'° atoms/cm?) are the natural units for
ion beam analysis (IBA) since the energy loss is measured in eV /(atoms/cm?), and one
monolayer is of the order of 10'° atoms/cm? [24,25]. The following tables present the RBS
results regarding the stoichiometry of the samples.
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Figure 5. RBS data for Fe-B samples of different B concentrations obtained by MS (a) and NRBS
spectra for samples obtained by TVA (b).

On all the samples, the presence of some impurities that could be due to some surface
contamination of the samples is noticeable, e.g., it is well-known that also during ion beam
analysis there is a carbon build-up on the sample surface. This is a mixture of C, H and O
with thicknesses in the order of 50 TFU (1 TFU = 10'® atoms/cm?). Other contaminants
may be present on the sample surfaces (in a very low concentration) due to the handling
or from some other reasons. In addition, a small and negligible concentration of W of
0.03% was observed in all TVA samples, probably resulting from the tungsten filament
used as a cathode in TVA deposition. However, the most significant observation is related
to an order of magnitude higher content of oxygen (tenths of at. %) in samples obtained
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by MS compared to samples obtained by TVA (order of at. %) showing definitively the
much better quality of samples obtained by the second method. Concerning the Fe-B films
obtained by MS, the Mgssbauer results show the presence of an Fe oxide phase superposed
over Fe-B intermetallic phases, and therefore, the average composition of the Fe-B phase
cannot be subtracted directly from Table 2 by a simple renormalization between Fe and B.
We noted that the > Fe Mossbauer results presented in the next section definitively prove
the lack of Fe oxide phases and the formation of only Fe-B intermetallic phases in the Fe-B
samples obtained by TVA. In this case, the few at. % of oxygen in the samples should
be seen as inclusions and not making chemical bounds. As a consequence, the oxygen
content will influence only the relative content of Fe and B in the Fe-B phases formed in the
films, with direct influence on their magnetic properties. The real elemental contents in
the Fe-B thin films obtained by TVA (in at. %), to be considered in the following for the
interpretation of Mdssbauer and magnetic results are presented in Table 3.

Table 2. Atomic composition of samples Fe-B obtained by TVA and MS, respectively.

Sample Name Samples Obtained by TVA Samples Obtained by MS
Fe-B (10 at. %) Fe).91B0.079700.01 Wo.0003 Feg 51B0.045C0.04500.37Ho.03
Fe-B (20 at. %) Feg.6997B0.2800.02Wo.0003 Feq 536B0.13C0.0500.24Ho.044
Fe-B (30 at. %) Fep 6197B0.300.07Wo.0003 Fep.48B0.2C0.0300.26Ho.03
Fe-B (40 at. %) Fe 5597B0.3800.05 Wo.0003 Feg 43B0.255C0.0100.28Ho.025
Fe-B (50 at. %) Fep.4497B0.4500.05 Wo.0003 Fe33B0.3C0.0200.32Ho.03

Table 3. Atomic composition of samples Fe-B obtained by TVA.

Sample TVA
Fe-B (10 at. %) Fe.91Bo.09
Fe-B (20 at. %) Fe71Bo.29
Fe-B (30 at. %) Feg 67Bo.33
Fe-B (40 at. %) Feg 60Bo.40
Fe-B (50 at. %) Feo 50Bo.50

It is worth noticing that the real compositions are almost similar to the nominal ones
in cases with low B content (i.e., less than 10 at. %) as well as in cases with higher B
content (i.e., higher than 40 at. %), whereas in cases with intermediate B content, the real
compositions are higher than the nominal ones.

3.2. Mossbauer Spectroscopy

The Mossbauer spectra of the Fe-B thin films obtained by TVA are presented in Figure 6.
The emission spectrum of sample with 5 at. % B nominal composition consists in a sextet
with narrow lines and hyperfine parameters close to metallic Fe (body centered cubic struc-
ture —bcc). Hence, the specific isomer shift (IS) is 0.01 mm/s and the hyperfine magnetic
field (Byy) is 33.1 T (0.00 mm/s and 33.15 T, respectively, for metallic Fe). The corresponding
quadrupole splitting (QS) is 0.00 mm/s. Two superposed magnetic components, i.e., an
external narrow and an inner broad magnetic sextet, respectively, are evidenced in the
spectrum of the Fe-B film with 10 at. % B nominal composition. The first magnetic pattern
with IS = 0.01(1) mm/s and By¢ = 33.1 T and with a relative spectral contribution of 29%
corresponds again to a metallic Fe-like phase. The broad sextet was fitted via a hyperfine
magnetic field distribution (presented on the right side of the spectrum), corresponding to
a continuous distribution of local atomic configurations around the central Fe, specific to
an amorphous Fe-B intermetallic phase.
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Figure 6. RT CEM spectra of Fe-B thin films obtained by TVA, with the following nominal composi-
tions of B (in at. %): 5% (a), 10% (b), 20% (c), 30% (d), 40% (e), 50% (f). The vertical bars indexes the
effect of the spectra (in %). The probability distributions of the hyperfine magnetic field are shown on
the right hand of the spectra. The black dots are experimental points, the blue and green continuous
lines provides the spectral components discussed in the text whereas the red lines represent the total
spectral envelope given by the fit.

The specific average hyperfine parameters of this Fe-B intermetallic phase are: <IS> =
0.14 mm/s, <Bhf > =24 T and QS almost 0.0 mm/s. An average of the hyperfine parameters
over the two main local configurations corresponding to the two spectral components gives:
29.4 T for the average hyperfine magnetic field and 0.04 mm/s for the average Isomer Shift.
Further on, at higher B contents, the Mdssbauer spectra consist only in broad magnetic
sextets, specific to amorphous Fe based phases [26-29], which start to collapse at higher B or
RE content due to enhanced magnetic relaxation. We noted the uniform distribution of By¢
with nominal B content between 20 and 40 at. % and the tendency of forming two average
local configurations for B content of 50 at. % simultaneously with enhanced magnetic
relaxation phenomena. On the other hand, the intensity ratio between the second and the
third absorption line, Rys, in either the elemental sextets under the hyperfine magnetic field
distributions at higher B concentrations as well as in the narrow sextet of samples of low B
concentrations is 4.0, giving a direct proof for an in-plane orientation of the Fe spins [26] in
the Fe-B films obtained by TVA.

The evolution of the average hyperfine magnetic field and average isomer shift versus
the real B content in such intermetallic compounds in case of reduced magnetic relaxation
(i.e., for B nominal content lower than 40 at. %) is given in Figure 7. An almost linear
decrease in the average hyperfine magnetic field and an almost linear increase in the isomer
shift is observed. Similar tendencies were also previously reported for Fe-B compounds [12].
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Figure 7. The dependence of average By (black points) and IS (red points) versus the real B content
in the intermetallic Fe-B thin films obtained by TVA.

The Mossbauer spectra of Fe-B thin films obtained by MS are shown in Figure 8. Two
distinct features from the RT CEM spectra of films obtained by TVA are to be mentioned
in this case: (i) the presence of a relative intense central component, and (ii) the Ry3 ratio
between the second and the third emission line of the external sextet in the spectra of low B
content is 0, giving a direct indication for a perpendicular to the film plane orientation for
the Fe spins in the intermetallic compounds. In this context, the following fitting procedures
were considered for the films obtained by MS. The central components were always fitted
by a narrow hyperfine field distribution extending from 0 up to maximum 20 T, whereas
depending on the nominal B content, either an external relative broad sextet (at low B
concentration) or an external hyperfine field distribution spreading out from 10 to 35 T (at
high B content) were considered. The corresponding hyperfine magnetic field distributions
are shown on the right side of each spectrum.

We noted that <IS> values belonging to the central component accounted by the distri-
bution at low fields (e.g., with <By¢> from 6 to 11 T, depending on the sample composition)
range between 0.4 and 0.5 mm /s, which are specific values for Fe** ions, whereas <IS>
values belonging to the broad external sextet accounted by the distribution at high fields
(e.g., with <Bp¢> from 20 to 29 T, depending on the sample composition) range between
0.1 and 0.2 mm/s, as specific to Fe-B intermetallic phases with a B content ranging from
approximately 25 at. % to 45 at. % (see Figure 7). As a consequence, and also based on the
RBS results presented in Table 2, the central component was assigned to very disordered
Fe,; O3 clusters under a strong magnetic relaxation regime. The distributed sextet of higher
average hyperfine magnetic fields to an amorphous Fe-B phase of higher amount of B and
the most external sextet is evidenced mainly for films of low B content, to a disordered
nanosized metallic Fe phase with inclusions of B.

In cases with samples with a nominal content of B of 5 at. %, the external sextet is
characterized by By = 32.3(2) T and IS = 0.01(1) mm/s, suggesting the formation of an
intermetallic Fe-B phase with 7(2) at. % of B with the Fe spins oriented perpendicularly to
the film plane. Its relative spectral contribution is 50(1) %, meaning that almost half of the
Fe atoms enter in this phase. The rest of the Fe atoms/ions give rise to the Fe oxide clusters
(50(1) % spectral contribution).

A quite similar spectral decomposition results also for the film with a nominal content
of 10 at. % of B. A higher IS value for the intermetallic component (IS = 0.04(1) mm/s)
suggests a higher B content in the Fe-B phase (approximately 10(2) at. % of B) of this
sample. The relative spectral area of the Fe oxide phase is approximately 53(1) %, meaning
that approximately 27 Fe** ions and 40 O~2 ions (from 100 atoms) participate in the Fe
oxide phase and approximately 24 Fe atoms and 3 B atoms participate in the Fe-B phase,
in reasonable agreement with RBS data in Table 2. The same perpendicular to plane
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orientation of the Fe spins in the Fe-B phase is evidenced by Mdssbauer spectroscopy
(Rp3 = 0) for this sample as well.
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Figure 8. RT CEM spectra of Fe-B thin films obtained by MS, with the following nominal compositions
of B (in at. %): 5% (a), 10% (b), 20% (c), 30% (d), 40% (e). The vertical bars indexes the effect of
the spectra (in %). The probability distributions of the hyperfine magnetic field are shown on the
right hand of the spectra The black dots are experimental points, the blue and green continuous
lines provide the spectral components discussed in the text, whereas the red lines represent the total
spectral envelope given by the fit.

In cases with samples with nominal content of B of 20 at. %, except the external
sextet characterized bt By = 32.9(1) T and IS = 0.01(1) mm/s and associated to a local
configuration close to nanosized metallic Fe (i.e., of very low B content), there is a second
component fitted by a distribution of hyperfine magnetic fields with <By¢ > =29.2(2) T and
<IS > =0.12(2) mm /s, easily associated via Figure 7 to a Fe-B phase with about 30 at. %
of B (i.e., FeyyBsp). The relative spectral area of the last component is 44(1) % meaning,
according to Table 2, 23 atoms of Fe and 11 atoms of B (from 100 atoms) in this Fe-B phase.
The most inner spectral component, fitted this time via a distribution of hyperfine magnetic
fields with <By¢ > =7.2(2) T and <IS > =0.45(2) mm/s, is associated with the Fe;O3 phase.
By the relative spectral area of this component of 26(1) %, a number of 14 ions of Fe3*
and 21 atoms of O% from 100 atoms contribute to the Fe oxide phase, again in reasonable
agreement with the RBS data in Table 2. We mention the perpendicular to the film plane
orientation of the Fe spins in the metallic phase poor in B (similar to the one of spectra
corresponding to films with less than 10 at. % of B) and the in plane orientation of the Fe
spins in the amorphous intermetallic phase of higher B content (Fe7yBay).

Only two spectral components were considered for samples of higher B content. In
cases with samples with nominal content of B of 30 at. %, the outer magnetic component,
fitted via a distribution of hyperfine magnetic fields with <By¢> = 20.5(2) T and <IS> =
0.15(2) mm/s, was assigned to an amorphous intermetallic Fe-B phase of type FeggBag (see
Figure 7), whereas the inner magnetic component was fitted by a distribution of hyperfine
magnetic fields characterized by <By¢> = 10.5(2) T and <IS> = 0.53(2) mm /s to the Fe;O3
phase. The relative spectral areas of 70(2) % and 30(2) %, respectively, infer 33 atoms of Fe
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and 22 atoms of B in the Fe-B phase and 15 ions of Fe>* and 22 ions of O in the Fe oxide
phase from 100 atoms, again in reasonable agreement with Table 2. A similar reasoning is
applied for the film with nominal composition of 40 at. % of B. Accordingly, the Mossbauer
results support the formation of an amorphous intermetallic phase of type Fes;Bag (< Bye>
=19.5(2) T and <IS > =0.19(2) mm/s) with relative spectral area of 54(2) % and an Fe oxide
phase (<Bp¢> = 6.5(2) T and <IS> = 0.51(2) mm/s) with a relative spectral area of 46(2) %.
The corresponding atomic contribution at 100 atoms in the film is 23 Fe and 21 B in the Fe-B
phase and 18 Fe and 28 O in the Fe oxide phase, in reasonable agreement with RBS results.
The Fe spins of the intermetallic phases reached in B are in the film plane (Ry3 = 4).

3.3. Magnetic Characterization

The large capabilities of the MOKE method to investigate the magnetic behavior in
such thin films, including in plane anisotropies, are illustrated by the hysteresis loops
presented in Figures 9 and 10. The loops, consisting of the dependence of the Kerr angle on
the applied magnetic field, were collected on the Fe-B thin films with thicknesses ranging
from 70 to 100 nm, however, much thicker than the penetration depth of laser radiation
(wavelength of 632 nm). Specific loops collected on films prepared by TVA, with different
concentrations of B are shown in Figure 9. Three orientations of the magnetic field relative
to the (110) direction of the Si substrate, 0°, 45° and 90°, were considered for each sample
in order to investigate the in-plane anisotropy, as previously reported in [30,31]. Briefly, the
idea is that in the case of uniaxial anisotropy, the hysteresis loops evolve from a rectangular
shape, specific to a field applied along the easy axis of magnetization to a linear shape,
specific to a field applied along the hard axis of magnetization (which is perpendicular
to the easy axis in this case). If the saturation field coincides with the switching field the
magnetization reversal is achieved by a coherent rotation of the spins (e.g., for a magnetic
monodomain), whereas in the case of a saturation field higher than the switching field, the
magnetization reversal is via domain wall displacements. If the evolution of the loops is
not between these two limits, then we deal with an angular distribution of the easy axis
(the broader the distribution, the lower the variation of the loop shape, when the film is
rotated, if the loops remain constant at different angular rotations of the samples (from 0 to
90° in the present experiments) a lack of in-plane anisotropy is demonstrated.

In this context, the following observation can be drawn from Figure 9 for the films
obtained by TVA: (i) the films with a B content lower or equal to 40 at. % are all fer-
romagnetic, (ii) the magnetic anisotropy is of uniaxial type and increases progressively
with the B content starting from the case of isotropic behavior in those samples with very
low B content, where mainly crystalline intermetallic phases are evidenced by Mossbauer
spectroscopy (iii) magnetic domains are formed in the films and the magnetization reversal
is through displacement of magnetic walls. (iv) The films are soft magnetic, with coercive
fields ranging between 20 and 30 Oe, depending on the B content and reaching a maximum
for the sample with 30 at. % of B which is completely amorphous and presents negligible
magnetic relaxation.

The specific loops collected on films with equivalent nominal compositions of B, but
prepared by MS, are shown in Figure 10. The MOKE signal of the samples with the lowest
B content (i.e., with nominal compositions of B lower than 10 at. %) is more than one
order of magnitude lower than in the case of the films obtained by TVA. This observation,
correlated also with the linear shape of negligible coercivity of the loop, gives support
for the assignment of the MOKE signal to the Fe oxide phase rather than to the Fe-B
intermetallic one. Nevertheless, this assignment is also supported by the Mossbauer results,
proving the perpendicular to the film plane alignment of the Fe spins in the Fe-B phase of
low B content with no influence on the in-plane magnetization reversal observed by the
present longitudinal MOKE geometry. We noted that this intermetallic phase with a relative
amount of 50% pointed by Mossbauer spectroscopy would be the only one susceptible
to contribute to the magnetization reversal if the Fe spins had in-plane components. The
situation is drastically changed in cases of the films with higher nominal B content (i.e., 30
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or 40 at. %) where the MOKE signal can be assigned to the Fe-B amorphous intermetallic
phase of the higher B content with the Fe spins in the sample plane. This time, the MOKE
signal increased by more than one order of magnitude, however, remaining still lower than
in the case of films obtained by TVA of equivalent nominal B content. This is due to a

relatively lower content of the intermetallic phase in the film (more than 40% of Fe oxide
are formed).
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Figure 9. MOKE hysteresis loops for Fe-B films obtained by TVA. Different orientations of the
magnetic field with respect to a reference in plane direction are considered. (A) is Fe-B 5 at. %, (B) is
Fe-B 10 at. %, (C) is Fe-B 30 at. %, and (D) is Fe-B 40at. %.
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Figure 10. MOKE hysteresis loops for Fe-B films obtained by MS. Different orientations of the
magnetic field with respect to a reference in plane direction are considered. (A) is Fe-B 5 at. %, (B) is
Fe-B 10 at. %, (C) is Fe-B 30 at. %, and (D) is Fe-B 40at. %.
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As a last observation, the loop of the sample with nominal content of B of 40 at. %
is almost closed, with almost negligible coercivity, resembling rather a loop specific to a
paramagnetic material, most probably due to the high content of B in the real Fe5;B4g phase,
where magnetic relaxation phenomena are substantially enhanced.

4. Conclusions

The paper aimed to analyze Fe-B films with various concentrations of B (5 at. % —50
at. %) in terms of morpho-structural and magnetic properties. Thin films (70-100 nm) were
successfully obtained by two deposition methods, TVA and MS. The morpho-structural
investigations performed by SEM, XRD and XRR have shown a roughness-free morphology
of all samples, but with a much better uniformity of samples obtained by TVA. The
elemental analysis was surveyed by EDX for samples of high B content and performed in
detail by RBS based techniques. The formation of relative pure Fe-B intermetallic films by
TVA and a high content of oxygen in films obtained by MS were proven. The real phase
composition of the films was obtained by Mossbauer Spectroscopy. The obtained results
on the elemental composition are in reasonable agreement with the RBS data. Mdssbauer
results give evidence for no Fe oxide phase in the films obtained by TVA but the formation
of disordered clusters of Fe;O3 in the films obtained by MS, in a relative amount between
20 to 50 %, depending on the B content. It was proven that in the films of low B content (less
than 10 at. % of B nominal composition), mainly a defect crystalline phase approaching
the body centered cubic structure of metallic Fe with B inclusions is formed whereas at
increased B concentrations, an amorphous Fe-B phase of high B content is formed. The Fe
spins are always oriented in the sample plane for the films obtained by TVA whereas in the
case of the films obtained by MS, the Fe spins are perpendicular to the sample plane for the
crystalline-like phase and in the film plane in the case of the amorphous-like intermetallic
compounds. These results give direct explanation for the different magnetic behavior of
the films, as evidenced by the longitudinal MOKE investigations. The highest magnetic
anisotropy and saturation magnetization, as well as the lowest coercivity, is obtained for
the FegoBag amorphous films obtained by TVA. The formation of nano-crystalline Fe-B films
with perpendicular to plane magnetic anisotropy by MS is another direction of interest for
magneto-functional applications.
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Abstract: The high-k-based MOS-like capacitors are a promising approach for the domain of non-
volatile memory devices, which currently is limited by SiO; technology and cannot face the rapid
downsizing of the electronic device trend. In this paper, we prepare MOS-like trilayer memory
structures based on high-k ZrO, by magnetron sputtering, with a 5% and a 10% concentrations of Zr in
the Zr-ZrO, floating gate layer. For crystallization of the memory structure, rapid thermal annealing
at different temperatures between 500 °C and 700 °C was performed. Additionally, Al electrodes
were deposited in a top-down configuration. High-resolution transmission electron microscopy
reveals that ZrO, has a polycrystalline-columnar crystallization and a tetragonal crystalline structure,
which was confirmed by X-ray diffraction measurements. It is shown that the tetragonal phase is
stabilized during the crystallization by the fast diffusion of oxygen atoms. The capacitance-voltage
characteristics show that the widest memory window (AV = 2.23 V) was obtained for samples with
10% Zr annealed at 700 °C for 4 min. The charge retention characteristics show a capacitance decrease
of 36% after 10 years.

Keywords: non-volatile memory; high-k ZrO,; MOS-like capacitor; charge retention

1. Introduction

In recent decades, the miniaturization trend of electronic devices has been the main-
stream approach for increasing computational power and data storage capabilities. The
usage of SiO; as a dielectric oxide for classical metal-oxide-semiconductor (MOS) de-
vices [1,2] was made possible due to SiO,’s very good electrical stability and native in-
terface with Si. The scaling down of the SiO; tunneling oxide was the preferred method
used for increasing the density of the memory structures on the surface unit. However,
this approach has some limitations as the SiO; tunneling oxide has to be thinned down to
2 nm [3]. If the value is below this, the process of direct tunneling of the charge carriers
between the Si substrate and the floating gate layer through the SiO, tunneling layer leads
to a high-leakage current and a low-charge retention capability of the MOS-like capaci-
tor [4]. A solution to this problem is to replace the SiO; with a high-k oxide, such as ZrO5,
HfO; or Al,O3 [5-11], that has a dielectric constant of k > 20, which is sufficiently high
to have a low equivalent oxide thickness (EOT) [12] and low enough to avoid the lateral
fringing-field effect [13,14] to be used in MOS-like capacitors. ZrO; is characterized by
a good interface with Si [15] and being thermally stable [16], and the temperature of the
phase transformation from monoclinic to tetragonal is almost 500 °C, which is lower than
that for HfO, [17,18]. Additionally, the dielectric constant, k, of the tetragonal phase is
higher than 40 [19]. It is important to have a lower phase transition temperature, as using
lower temperature processing together with the magnetron sputtering (MS) deposition
method (which is a cheap and reproducible method) means cost-effective production and
equipment investments.

In the literature, there are very few articles related to the memory properties of
the ZrO,-based trilayer MOS-like capacitors. Some of these articles describe the charge
storage properties of Ge or Zr nanocrystals embedded in the ZrO, matrix as a floating gate
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layer [20-22] located at a tunnelable distance from the Si substrate. Other articles describe
the ferroelectric properties of ZrO, in association with HfO, [23-25].

In this paper, we use Zr-doped ZrO, for the formation of charge storage centers in a
ZrO,-based MOS-like trilayer structure. The main advantage of using an oxygen-deficient
ZrO; layer as a floating gate layer compared with Zr nanocrystals embedded in ZrO,
is related to the high density of the storage centers. This is translated into a very stable
memory structure with a long charge retention time. For this, we prepared a MOS-like
memory structure of ZrO; [gate oxidel/Zr—ZrO; [floating gatel/ZrO; [tunneling oxide]/p-Si
by MS, followed by rapid thermal annealing (RTA) between 500 °C and 700 °C and a
metallization process. In the Zr-ZrO, floating gate layer, we used 5% and 10% Zr. The
broadest memory window (AV = 2.23 V) was obtained from the samples with 10% Zr
annealed at 700 °C.

2. Materials and Methods
2.1. Sample Preparation

The memory structures ZrO, [gate oxide]/Zr—ZrO; [floating gatel/ZrO, [tunneling oxide]/p-
Si were prepared by using an MS deposition technique (Surrey Nanosystems Gamma
1000 equipment, East Sussex, UK) on a p-type Si substrate (1-10 ()-cm resistivity). Before the
deposition, the Si wafers were chemically cleaned by using a two-step procedure. In the first
step, the organic contaminants were removed in a piranha solution (HyO,:HySO4 = 1:3),
followed by the second step of native SiO; removal in an aqueous solution of HF (2%).
The preparation of the trilayer MOS-like capacitor starts with the deposition of a 13-nm
tunneling ZrO, layer from a ZrO, target on which the power of P = 60 W RF was applied.
Then, a 13-nm Zr-doped ZrO, floating gate layer was deposited by co-sputtering the Zr
and the ZrO; (P = 60 W RF) from separate targets. For the Zr, we used two concentrations
of 5% and 10% (P = 10-30 W DC) for obtaining 2 types of samples. Finally, the gate oxide
layer of 30 nm was also deposited at a P = 60 W RFE. The memory structure deposition was
performed in an Ar atmosphere at a 25-sccm (standard cubic centimeters per minute) flow
rate and a working pressure of p = 3 mTorr. To ensure the uniformity of the layer deposition,
the Si substrate was rotated at 15 rpm. Additionally, a 56-nm ZrO, control structure was
deposited under similar conditions as the trilayer one. After the deposition, the trilayer
memory structure was nanostructured by RTA at different temperatures between 500 °C
and 700 °C for 4 min in an N; atmosphere.

Table 1 presents the structure sketch and the preparation details of the trilayer MOS-
like capacitor and the control structure.

Table 1. Structure configuration and preparation details of the trilayer ZrO, [gate oxidel/Zr-ZrO,
[floating gatel/ZrO;, [tunneling oxide]/p-Si and the control structure.

Floating Gate Layer Layers .
Name Composition Structure Thickness [nm] Thermal Annealing
Zr5-500
Z15-600 710y / Zr1- 30/13/13 T=500°C, t=4min
7x5-700 5% Zr + 95% ZrO, 7x0,/7x0 /13/ T =600 °C, t = 4 min
T 7r10-500 »/Si T =700°C, t =4 min
Zr10-600 10% Zr + 90% ZrO,
Zr10-700
Control - ZrO,/Si 56 T=700°C,t=4min

For the electrical characterization, Al electrodes with a 1-mm:

2

area were deposited by

thermal evaporation in a top-down configuration, forming a MOS-like capacitor.
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2.2. Characterization Methods

The trilayer MOS-like capacitor structure and morphology were characterized by
high-resolution transmission electron microscopy (HRTEM) in the Jeol JEM-ARM 200F
electron microscope (JEOL, Tokyo, Japan). The crystalline structure was determined by
X-ray diffraction measurements using the Rigaku SmartLab diffractometer (Rigaku, Tokyo,
Japan), and the oxidation states of Zr were determined by X-ray photoelectron spectroscopy
(XPS). A SPECS XPS spectrometer (SPECS Surface Nano Analysis GmbH, Berlin, Germany)
with a PHOIBOS 150 analyzer was used for this. This uses a 300-W monochromatic RX
source (Al Ka—1486.61 eV) and a SPECS FG15/40 (SPECS Surface Nano Analysis GmbH,
Berlin, Germany) flood gun for charge neutralization.

The memory characteristics of each trilayer structure were determined by
capacitance-voltage (C-V) measurements using an Agilent 4980A LCR meter (Agilent
Technologies, Santa Clara, CA, USA). The frequency dependence of the capacitance (C-f)
was also measured between 10 kHz and 1 MHz with different voltages applied to the
gate electrode. The capacity of the MOS-like trilayer capacitor to retain electrical charges
was determined by the time dependence of the capacitance (C-t), measured at a frequency
of 1 MHz.

3. Results and Discussion

The structure and morphology of the sample with the 10% Zr content in the floating
gate layer annealed at 700 °C for 4 min (Zr10-700) were determined by cross-section HRTEM
analyses (Figure 1a), where the columnar crystallization of ZrO, can be observed.

w20 o]

EDX scan line

Figure 1. (a) HRTEM image obtained of the Zr10-700 structure; (b) EDX analysis with relative
concentrations of Zr (magenta), Si (blue), and O (green), measured on the cross-section of the sample;
(c) High-angle annular dark-field (HAADF) cross-section image.

In the HRTEM image, it is possible to measure some lattice fringe distances of 0.29 nm,
0.18 nm, and 0.16 nm that correspond to the planes (111), (002), and (103) of the ZrO,
tetragonal phase, respectively.

The contrast between the deposited layers is low, and the trilayer configuration of the
memory capacitor cannot be observed as distinct individual layers. The reason for this is
the presence of the columnar crystallization process. The fast diffusion of oxygen atoms
leads to uniform nonstoichiometric suboxides in the whole trilayer structure, not only in
the middle layer. This will stabilize the tetragonal phase during the crystallization. In our
opinion, the crystallization process begins with the nucleation on the tunneling layer, and
the crystal growth continues normally to the free surface in a columnar morphology with a
growth rate that depends on the nuclei orientations.
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Some information about the structural configuration of the trilayer structure is ob-
tained by analyzing the energy-dispersive X-ray spectroscopy (EDX) data. Figure 1b
presents the relative concentration of Zr (magenta), Si (blue), and O (green) measured on
the cross-section of the Zr10-700 sample (Figure 1c).

The maximum concentration of Zr is located near the floating gate layer, as expected
from the preparation conditions. These results confirm the trilayer structure configuration
of the MOS-like memory capacitor.

The polycrystallinity of the trilayer memory structure observed in the HRTEM anal-
ysis (Figure 1a) was also confirmed by the two-dimensional fast Fourier transform (FFT)
(Figure 2b) applied to the HRTEM image (Figure 2a), followed by an inverse FFT (IFFT)
(Figure 2c). The colored regions are obtained by filtering the spatial frequencies and orien-
tations in the FFT image, which are labeled with numbers and colors in Figure 2b. Each
colored region in Figure 2c represents a ZrO; nanocrystallite or a group of them having the
same lattice fringe spacing and direction, giving the same spot in the FFT image. For exam-
ple, the green area shows a group of four nanocrystallites that have the same crystalline
orientation and similar lattice fringes in the HRTEM image. Each nanocrystallite resembles
a coherent domain of ZrO,.

Zr10-700

10 nm (5 10 nm

Figure 2. (a) HRTEM image obtained on the Zr10-700; (b) FFT algorithm applied on the HRTEM
image. Each number correspond to a different lattice fringe spacing and direction; (c) IFFT image
with colored regions that represents ZrO, nanocrystallites with different crystalline lattice fringe
spacings and orientation.

The crystalline structure of the MOS-like capacitor was also evidenced by XRD mea-
surements (Figure 3).

Tetragonal ZrO, iccD D8 card no. 01-070-6627

lll . s Il 1 l

2000 - ——T=700°C, t=4 min|{
; Zr10-700
s 1500 - ]
2
n 1000 - 4
=
2
-

| S R

25 30 35 40 45 50 55 60 65
20 (degree)

Figure 3. XRD spectra of the sample obtained after 4 minutes at 700 °C RTA (Zr10-700).
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The XRD diffractogram presents high intensity peaks positioned at 20 = 30.48 deg,
20 = 35.2 deg, 20 = 50.6 deg, and 20 = 60.32 deg. These peaks correspond to a high-
pressure tetragonal phase of the ZrO,, indexed in the ICCD DB card no. 01-070-6627, for
the crystallographic planes of (111), (002), (200), and (211), respectively. The 30.48 deg peak
corresponds to the (111) plane with a lattice spacing of 0.293 nm, which is smaller than the
0.295 nm (for 30.28 deg) of the tetragonal lattice phase. However, the experimental (111)
peak has a very large base (from 28.4 to 31.5 deg) covering the positions of the (-111) and
(111) peaks of the monoclinic phase of the ZrO,. This monoclinic phase is present in several
percentages in the structure and explains the small coherence size of the ZrO, crystallites.

At room temperature and atmospheric pressure, the most stable phase of ZrO, is
the monoclinic phase, which is characterized by a lower value of the dielectric constant
compared with the tetragonal phase. In our case, by co-depositing between 10% Zr-90%
ZrO; for the floating gate layer, some amorphous zones of the ZrO; at the nanometric scale
will probably appear.

A possible explanation for the tetragonal phase being the majority phase in the trilayer
structure is that during the RTA at 700 °C, the crystallization starts in both the tunneling
ZrO; and the gate ZrO, and continues in the floating gate layer, similarly to the case
of HfO,-based trilayers. [26]. In the present case, the internal strain appears by oxygen
vacancy formation and is also due to the 10% Zr excess in the floating gate.

We also performed X-ray photoelectron spectroscopy (XPS) measurements at the
surface of the trilayer structure (Figure 4).

80,000 - o

70,000 .
60,000 .
50,000 .

40,000 .

Intensity (cps)

30,000 .

20,000 — Zr 3d3l2‘ ‘Zr 3d5/2‘ -

10,000 .

188 186 184 182 180 178
Binding energy (eV)

Figure 4. XPS spectra of the Zr 3d obtained on the Zr10-700. The colored lines represent components
of spectral deconvolution (Voigt profiles) were each maximum corresponds to Zr 3d doublets.

As it can be seen, the Zr 3d doublets Zr 3d%/2 and Zr 3d%/? have a splitting energy
of 2.4 eV and an area ratio of 3/2. The binding energy clearly indicates that Zr is in an
oxidation state; therefore, there is no metallic Zr in the ZrO, gate oxide layer contributing
to the formation of the tetragonal phase of ZrO,.

The memory properties of the MOS-like capacitor with Zr concentrations of 5 and
10% in the floating gate layer and annealing temperatures between 500 °C and 700 °C (for
4 min) were investigated by C—V measurements. The C-V characteristics are presented in
Figure 5 together with the C-V curve taken on the control structure, for comparison.
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Figure 5. C-V characteristics obtained on the MOS-like capacitor with (a) 5% and (b) 10% concen-
tration in the floating gate layer, annealed at 500°C, 600 °C, and 700 °C for 4 min; (¢) C-V curves
obtained on the control structure of 56 nm of ZrO, annealed at 700 °C for 4 min.

The C-V measurements were performed by swiping the voltage between +2 V (inver-
sion regime) and —3 V (accumulation regime) with a swiping speed of 1 V/s at 1 MHz
frequency [27]. The hysteresis loops in Figures 5a and 5b show that the best memory
window of AV =2.23 V is obtained on the capacitors with the 10% Zr content in the floating
gate and an RTA at 700 °C (for 4 min in an Ny atmosphere), in contrast with the C-V
characteristic of the control structure (having no hysteresis).

Therefore, we can conclude that the memory properties of the trilayer MOS-like
capacitor are due to both oxygen vacancies present in the trilayer structure and to Zr excess
in the Zr-ZrO; floating gate layer acting as charge storage nodes.

The sample with the best memory characteristics (Zr10-700) was chosen for further
investigations of the frequency dependence of the capacitance (Figure 6a) and the resistance
(Figure 6b). The C-f and R-f characteristics were measured at different voltage values
(=3 V—+2V) applied to the ZrO, gate oxide electrodes. The capacitance and resistance
values were recorded during the frequency swiping between 10 kHz and 1 MHz (Figure 6).
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Figure 6. (a) C-f and (b) R-f measurements made at different voltages applied to the gate
oxide electrode.

The voltage dependence of the C-f and R-f characteristics can be explained by the
voltage dependence of the depletion region at the interface between the Si substrate and
the ZrO, tunneling layer. By applying a negative voltage on the ZrO, gate oxide, the
majority of charge carriers (holes) accumulate at the Si-ZrO, interface, meaning that there
is no depletion region at the Si surface [27]. In the present case, the total capacitance is
at its maximum value and is given only by the capacitance of the trilayer structure. By
swiping the applied voltage from negative to positive, the Si-ZrO, interface is depleted of
charge carriers. In this case, the total capacitance is the series capacitance of the trilayer
structure and the capacitance of the depleted region. Since the depleted region capacitance
depends on the dielectric constant of the Si and the width of the depleted region, the total
capacitance decreases as the voltage approaches the inversion regime, where the minority
of charge carriers arrive at the Si-ZrO, interface due to the high electric field.

In our previous work [28], we studied the frequency dependence of the capacitance and
the resistance of a trilayer structure and developed a model that allows us to simultaneously
fit the C-f and R-f characteristics. From the fit, we extracted the material parameters, such as
the dielectric constant, of each layer in the MOS-like capacitor. We applied the same model
to this structure (ZrO; [gate oxidel/Zr—ZrO; [floating gate]/ZrO; [tunneling oxide]/p-Si) and
fitted the frequency dependence of the capacitance and the resistance in the accumulation
regime (—3 V) to determine the dielectric constant of each layer. The results of the fit are
presented in Figure 7.

8 2500
e Experimental Zr10-700 + Experimental
7- Fit i Fit
ol 2000
Zr10-700
> T
= 1500 -
IE 4 =
o =)
34 1000
2‘
1] 500 -
ol () .
T 0 T
10* 10° 108 10* 108 10°
f (Hz) f (Hz)

Figure 7. The frequency dependence of the (a) capacitance and (b) resistance measured on Zr10-700
in the accumulation regime (-3 V).

The values of the dielectric constants for each layer obtained from the C-f and R-f fits
are presented in Figure 8.
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Figure 8. The schematic representation of the as-deposited trilayer structure and the dielectric
constants obtained from the C-f and R-f fit curves from Figure 7 (the experimental C-f and R-f curves
were measured on the Zr-10-700 structure).

Figure 8 shows the values of the dielectric constants obtained from the fit curves from
Figure 7. These values of the dielectric constant correspond to the layers in the 700 °C RTA
sample. One can observe that they are very close to each other and that they are typical for
the tetragonal phase range [19]. These results are in good agreement with the XRD and
HRTEM results. Additionally, the small variation in the dielectric constant values from one
layer to another one shows that there is an internal strain in the trilayer structure due to
oxygen vacancy formation and Zr excess.

The charge retention characteristics were also measured on the Zr10-700 sample at a
frequency of 500 kHz and at a temperature of 23 °C. In Figure 9, the C-t characteristics are
presented for both the programmed and the erased processes. The programming process
was performed by charging the trilayer structure at —3 V for 1 s applied on the gate oxide
(accumulation regime) and then the capacitance value was recorded in time at the applied
voltage of —1.6 V (flatband voltage). The erasing process was performed by applying +2 V
to the gate oxide for 1 s (inversion regime) and then the capacitance value was recorded in
time at the applied voltage of +0.6 V (flatband voltage).
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Figure 9. Charge retention characteristics measured at 500 kHz on the Zr10-700 sample. There is a
36% capacitance decrease after 10 years.

64



Coatings 2022, 12, 1369

The capacitance-decreasing trend was extrapolated for 10 years, and we observed a
36% capacitance decrease, which is in the accepted range of a standard 50% capacitance
decrease after 10 years for FLASH memory devices [29].

4. Conclusions

We prepared a MOS-like memory structure of ZrO, [gate oxidel/Zr—ZrO; [floating
gate]/ZrO; [tunneling oxide]/p-Si using MS with a 5% and a 10% Zr content in the Zr-
ZrO, floating gate layer, followed by an RTA process at 500 °C, 600 °C, and 700 °C. The
trilayer structure Zr10-700 with the 10% Zr content in the floating gate layer is formed of
polycrystalline ZrO, that is columnar crystallized in a tetragonal phase (HRTEM, XRD).
The polycrystalline character of the trilayer memory structure is confirmed by FFT and
IFFT analyses. We consider that the tetragonal phase is stabilized during the crystallization
by the fast diffusion of oxygen atoms, leading to uniform nonstoichiometric suboxides in
the whole trilayer. Additionally, XRD measurements show that besides the majority of the
ZrO, tetragonal phase, the MOS-like capacitor structure contains several percentages of
monoclinic phase that explains the small coherence size of the ZrO; crystallites. The XPS
results show that Zr is in an oxidation state; therefore, there is no metallic Zr in the gate
ZrO, layer to contribute to the ZrO, tetragonal phase.

The best memory properties were obtained on trilayer capacitors with 10% Zr annealed
at 700 °C. The hysteresis loops taken on them have the broadest memory window of
AV =223V, and the charge retention characteristics show a 36% capacitance decrease after
10 years. Additionally, the dielectric constants of each layer in the trilayer, obtained from
the fit of C-f and R-f experimental curves, have values close to each other and they are
typical for the tetragonal phase range. We consider that the most important contribution to
the memory properties is given by oxygen vacancies with a high enough density, acting as
charge storage centers.
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Abstract: The manipulation of magnetic anisotropy represents the fundamental prerequisite for
the application of magnetic materials. Here we present the vectorial magnetic properties of nanos-
tructured systems and thin films of Fe and FeCo prepared on linearly trenched Mo templates with
thermally controlled periodicity. The magnetic properties of the nanosystems are engineered by
tuning the shape, size, thickness, and composition parameters of the thin films. Thus, we control
coercivity, magnetization, orientation of the easy axis of magnetization, and the long-range magnetic
order of the system in the function of the temperature. We distinguish magnetic components that
emerge from the complex morpho-structural features of the undulating Fe or FeCo nanostructured
films on trenched Mo templates: (i) assembly of magnetic nanowires and (ii) assembly of magnetic
islands/ clusters. Uniaxial anisotropy at room temperature was proven, characterized, and explained
in the case of all systems. Our work contributes to the understanding of magnetic properties necessary
for possible further applications of linear systems and undulated thin films.

Keywords: magnetic anisotropy; linear nanostructures; Fe; FeCo; Mo; structured template

1. Introduction

Modern spintronic applications demand nanosized systems (thin films, nanowires,
and nanoparticles) that should satisfy several conditions regarding the magnetic properties
and magnetic anisotropy. They should present controllable magnetic properties, such as the
value of the magnetic anisotropy energy, saturation magnetization, the relative orientation
of the easy axis of magnetization of nano-objects, coercivity, and squareness factor. Also, the
possibility to switch the magnetization with low-cost external stimuli and to stabilize the
magnetic states upon exposure to thermal fluctuations or external fields is required [1-4].

Depending on the application type, the magnetic anisotropy should be either in plane
or out of plane. For example, in the case of high-density magnetic recording and high-
frequency magnetic devices perpendicular magnetic anisotropy is needed. The in-plane
magnetic anisotropy with uniaxial anisotropy is used in random access memory devices
and in the hard disk drive head component [5]. Otherwise, an in-plane isotropically coer-
cive free layer allowing stabilizing the magnetization in any direction between the parallel
and the antiparallel magnetic configurations, is proposed for efficient spintronic memristive
applications [6-9]. In these cases, the intermediate resistance states in between the maxi-
mum and the minimum values corresponding to the parallel and antiparallel alignment
of the magnetization of top and bottom layers sandwiching a conductive/isolating thin
spacers are obtained via the dependence of the giant/tunneling magnetoresistance on
the angle between the magnetization directions of the two magnetic layers of different
magnetic anisotropies.

Tuning the magnetic anisotropy can be achieved via a series of different preparation
methods and conditions. Morpho-structural aspects and structured topography obtained
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for example by ion beam etching and wet chemical etching [6], oblique deposition [8-10]
or applying a magnetic field during deposition [11], can be exploited with the purpose
to pattern the magnetic material. External control of magnetic anisotropy, coercivity, or
magnetic relaxation/superparamagnetism can be achieved via the application of an elec-
tric field [12,13]. A different choice is to achieve in-plane uniaxial magnetic anisotropy
that may be obtained in a common way by organizing matter into linear objects with a
small dimensionality for example nanowires, stripes, and nanotubes with regular shape
and spacing [2,3] or by depositing magnetic systems on valley’s deeps of undulated sur-
faces [14]. Moreover, nanowires and linear systems can be implemented in a wide range
of applications in domains such as electronics [15], photonics [16,17], sensoristics [18], or
thermoelectrics [19].

A way of preparing nanowires, stripes, and linear structures is based on using pre-
engineered substrates to guide the growth. A major advantage of this method is the
possibility of producing ordered arrays with a narrow size distribution of the component
entities [20]. Thus, self-assembled magnetic monoatomic wires could be obtained on a
vicinal surface [21] or on facetted surfaces with controllable periodicity [22,23]. Besides,
the angular distribution of the easy axis of magnetization corresponding to the magnetic
system and its overall anisotropy can be tuned from an almost uniaxial (Dirac-like angular
distribution) to an almost isotropic one (random-like angular distribution) [24].

In the present work, we are following a method that supposes the use of a nano-
structured surface with linearly faceted trenches as a template [22,23]. The trenches can
be obtained by homoepitaxy of a refractory metal (W or Mo) with body-centered cubic
crystalline structure, deposited on a nominal planar surface.

The lateral periodicity of the trenches, which are mainly oriented in the [001] crystallo-
graphic direction, can be controlled kinetically by tuning the deposition temperature [25].
We were using Mo for the formation of trenches because it favors the in-plane anisotropy
with an easy axis along the trenches ([001] direction) in the case of Fe films deposited on
Mo [25-27]. Magnetic nanostructures were subsequently engineered as undulated thin
films of Fe and FeCo by deposition on the faceted trenches of the substrate, with the aim to
control the magnetic properties and especially the magnetic anisotropy. Here we compare
the magnetic properties of an undulated Fe film with those of a FeCo film with similar
effective thicknesses given the possibility to tune the coercive field and the saturation mag-
netization of Fe intermetallic compounds by Co addition [28]. The influence of composition,
effective thickness, and shape effects were considered. The wetting particularities of the
deposited materials were proven to have also an important role. Accordingly, different
types of nanostructures of Fe and FeCo with a distribution of the easy axis of magnetization
from in-plane isotropic to uniaxial anisotropic, without or with out-of-plane components,
were obtained. These systems have promising applications for memristive devices [5].
On the other hand, studying the magnetic properties of an undulated FeCo film from
a fundamental point of view is motivated by the rich specificities the magnetic FeCo or
Fe/Co systems exhibit such as magnetostriction [29], magnetoresistance [30], or hosting
topological textures known as skyrmions [31]. We revised the magnetic properties of Fe and
FeCo undulated thin films with limiting cases (defined by geometrical structure aspects)
such as: (i) assembly of magnetic nanowires and (ii) assembly of magnetic islands/clusters.

2. Materials and Methods

The samples were prepared in an ultra-high vacuum (the base pressure was 1 x 10~ Torr)
by Magnetron Sputtering deposition on mono-crystalline Al,O3 sapphire substrates with
(1120) crystal orientation, acquired from CrysTec GmbH. The thickness of the deposited
materials was estimated in-situ with a quartz crystal microbalance and the results were
corroborated with post-deposition interferometry and profilometry measurements realized
ex-situ. In order to obtain optimal deposition conditions for the realization of the desired
structures the following parameters have been adjusted: the pressure of the working gas
(Ar), the value of the power used, applying RF or DC voltage, the substrate temperature
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during deposition or the thermal treatment temperature after deposition. The Mo trenches
were obtained by depositing in the first step a Mo layer under a power of 7-9 W in DC, for
20-25 min at RT. In order to obtain sequences of trenches with different periodicity [22], two
sets of temperature intervals were used during the homoepitaxial growth of Mo/Mo/Al,Os:
500-280 °C and 300-180 °C, respectively. In a second step, a Mo layer was deposited with
9 W in DC for 60 min. Magnetic layers of Fe and, respectively, FeCo were realized by
deposition at 175 °C from corresponding unique targets, with a DC power of 20 W for
6 min and 15 W for 6.5 min, respectively. On trenches of higher lateral periodicity, we
deposited a FeCo film in the same conditions as the previously described FeCo sample.
A thicker sample of FeCo depositing under a DC power of 7 W for 60 min was grown
also on Mo trenches of higher lateral periodicity. The low DC power used for Mo, Fe, and
FeCo (e.g., 1 A /min for Mo and 2 A /min for Fe) sputtering allowed for achieving very low
deposition rates that are required to obtain small crystallites [28]. The obtained magnetic
nanostructures were covered with a 2-5 nm thick Mo layer to prevent oxidation processes.
Morpho-structural and compositional characterization were mainly realized via mi-
croscopic measurements using Atomic Force Microscopy (AFM) and Transmission Electron
Microscopy (TEM). Atomic force microscopy (AFM) was performed using an MFP 3D SA
(Asylum Research, Oxford Instruments, Santa Barbara, United States) microscope. Surface
topography images for 1 mm square scan areas were obtained by tapping (or AC or non-
contact) mode using commercial Si cantilevers (AC160TS, spring constant k = 26 N/m and
resonance frequency f = 275 kHz, Olympus Co. Ltd., Shinjuku, Tokyo, Japan). Transmission
Electron Microscopy (TEM) measurements have been performed using a Cs-corrected
JEOL ARM 200F instrument (JEOL Ltd., Akishima, Tokyo, Japan) with Electron Energy
Loss Spectroscopy (EELS) capabilities. TEM specimens have been prepared using the
standard cross-sectional method, involving mechanical polishing followed by ion polishing
using the PIPS (Precision Ion Polishing System) system (GATAN Inc., Pleasanton, United
States). TEM was also used in the mass thickness contrast mode. Vectorial magnetic
measurements were realized using room temperature longitudinal Magneto-Optical Kerr
Effect (MOKE) investigating the magnetic properties at different orientations of the applied
field in the sample plane. Temperature-dependent magnetic properties were analyzed by
Superconducting Quantum Interference Device (SQUID) magnetometry between 10 and
300 K, applying a magnetic field in two directions in the sample plane (longitudinal and
transversal geometry) and perpendicular to the sample plane (perpendicular geometry).

3. Results
3.1. Structural and Morphological Investigations of Fe Linear Structures

As described in Refs. [20,21,23], Mo faceted linear structures with [001] crystallo-
graphic orientation can be prepared, this direction being favored at Mo/Fe interfaces as
the easy axis of magnetization of Fe. Following similar deposition conditions, even some
differences may occur due to the use here of a different deposition method [32-35], firstly a
5 nm thick Mo film was deposited on an Al,O3 and it was thermally treated after deposition,
in order to obtain a planar flat surface. Then, a Mo layer having a thickness of 15 nm was
re-deposited on the planar Mo surface while varying the deposition temperature, in order
to obtain the arrays of linearly trenched structures [22]. For all samples, we used these
structures as a template for the growth of Fe and FeCo thin films. AFM, TEM images, and
sketches of representative samples are presented in Figure 1. The AFM images correspond
to planar atomic surfaces of the Al,O3 substrate (Figure 1a) and to the first wetting Mo
layer (Figure 1b). Linear patterns observed in the approximately diagonal direction of
the image represent atomic steps corresponding to the Al,O3 substrate with an average
periodicity of 35 nm, followed by the first thermal treated Mo layer. Figure 1c shows the
profiles of the structures over the lines presented in the two images. Beyond the AFM
resolution, trenches were evidenced by TEM. In Figure 1d the TEM images (inset: chemical
contrast) in the profile plane of a Fe sample with a nominal thickness of approximately
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3 nm and lateral periodicity of trenches of approximately 15 nm are shown. Fe molds on
the structured Mo surface and accumulates deep inside the trenches.
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Figure 1. Microscopic images of the linear systems with the corresponding schematic representation
in the lower part of the figure. (a) AFM image of the planar surface of Al;O3 substrate with atomic
terraces of 35 nm average periodicity. (b) AFM image of the wetting layer of Mo surface following
the structure of the Al,O3 substrate that was used for the deposition of the template presenting Mo
linear trenches. (c) Topographic profiles realized over the lines marked in (a,b). (d) TEM image and
the elemental spectroscopic analysis (inset) in a profile plane of a Fe sample prepared by deposition
on Mo trenches. The sample is covered with a thin Mo layer against oxidation processes.

3.2. Magnetic Characterization

Usually, two types of magnetic measurements are performed for the characterization
of the nanosystems: (i) hysteresis loops for the investigation of the magnetic reversal
mechanisms and (ii) specific measurements of zero-field-cooling—filed-cooling (ZFC-FC)
procedures for the investigation of the magnetic relaxation mechanisms. The measuring
geometry for the vectorial investigation of the magnetization reversal depends on the
orientation of the applied magnetic field and will be defined as follows according to the
inset of Figure 2a: (i) longitudinal, with the magnetic field applied along Oz direction
(along the wave), (ii) transversal, with the magnetic field applied along the Ox direction
(perpendicular to the wave, but in the film plane) and (iii) perpendicular, with the magnetic
field applied along to the Oy direction (perpendicular to the film plane).
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Figure 2. The magnetization reversal of an undulated Fe thin film with a thickness of 3 nm, deep
of the valley of 5 nm, and lateral periodicity of 15 nm, in case of three specific directions of the
applied magnetic field. The considered geometry with the associated reference system used in the
computations is shown in the inset (a). The magnetization reversal of an undulated Fe thin film with
a thickness of 3 nm, deep of the valley of 3 nm, and lateral periodicity of 15 nm, for the same three
specific measurement geometries (b).

According to the present samples, three types of nanostructures should be critically
revised: (i) assembly of magnetic nanowires, (ii) assembly of magnetic islands/ clusters, and
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(iii) undulated magnetic films. However, depending on the undulated film characteristics
(lateral periodicity, deep and longitudinal uniformity) the last system can cover at the
limit the first two cases, as well as the case of a quasi-uniform thin film. For example,
undulated templates with deep well-formed trenches of high lateral periodicity and very
low thickness of the magnetic film can lead to non-interacting filiform/quasi-cylindrical
nanowires. Specific magnetization reversal mechanisms depend on the nanowire diame-
ter [36,37]. If the lateral periodicity is decreased, the assembly of nanowires that interact
by dipolar magnetic interactions is obtained [38]. If the longitudinal uniformity of the
nanowires is lost, separate segments of nanowires of different aspect ratios (nanocluster-
like) are obtained [39]. Depending on the separation gap and the transversal periodicity,
such clusters can interact along the chain (unidimensional magnetic systems) as well as
between chains (bi-dimensional magnetic systems). Moreover, depending on the shape
and size of the magnetic clusters, they can become superparamagnetic above a certain
temperature [40]. Depending on the wetting conditions and type of magnetic materials, a
very broad distribution of magnetic clusters (both in size and aspect ratio) can be formed
along the trenches. If the inter-chain magnetic interaction is mediated by the finest clusters
which become superparamagnetic above a certain temperature, a unidimensional magnetic
system is expected above this temperature and a bi-dimensional one, below. Magnetic
relaxation and blocking temperatures of possible magnetic clusters can be observed in this
case by typical ZFC-FC measurements.

In order to interpret the magnetic measurements of the prepared systems, firstly
theoretical expectations on the magnetization reversal mechanism obtained by micromag-
netic simulations will be briefly discussed in the case of some ideal systems derived from
undulated magnetic thin films. The magnetization reversal of an undulated Fe thin film
with a thickness of 3 nm, deep of the valley of 5 nm, and lateral periodicity of 15 nm is
shown in Figure 2a. The simulations have been performed using the OOMMEF (Object Ori-
ented Micromagnetic Framework) public domain software, developed by the Applied and
Computational Mathematics Division of National Institute of Standards and Technology
(NIST) [41]. The considered geometry and the discretization space are presented in the
inset. Half of the loops (from the highest positive applied magnetic field to the highest
negative field) are shown. The three-magnetization reversal effects presented in Figure 2
correspond to the three above-mentioned directions of the applied magnetic field: (i) field
applied along the wave (longitudinal geometry), (ii) field applied perpendicular to the
wave but in the film plane (transversal geometry) and (iii) field applied perpendicular to
the film plane (perpendicular geometry).

In longitudinal geometry, it is observed the typical jump of the relative magnetization
(current magnetization relative to the spontaneous magnetization which can be experimen-
tally approximated by saturation magnetization at low temperatures) from 1 to —1, specific
to a magnetization reversal with the field applied along a magnetic easy axis. In this case,
the easy axis is along the wave (Oz axis). On the other hand, the magnetization reversal in
perpendicular geometry is linearly increasing with the applied field, according to a coherent
spin rotation typical to a hard magnetic axis. Finally, in transversal geometry, the magneti-
zation reversal approaches well a coherent spin rotation, except for a narrow interval of
low fields (order of magnitude lower than the switching /jumping field in longitudinal
geometry) where a fast reorientation of the spins take place. The situation is not similar to
a magnetic field applied perpendicular to a narrow angular distribution of easy axes due to
the rectangular shape of the loop in longitudinal geometry (field applied along the easy
axis). Moreover, due to the lower value of the switching field in longitudinal geometry with
respect to the saturation field in perpendicular geometry (that means with the film applied
along an easy and hard axis of magnetization), the magnetization reversal mechanism in
undulated thin films has to be represented by magnetic walls displacement anywhere a
switching field is evidenced (e.g., in both longitudinal and transversal geometry) [36,40].
At variance to the film with a deep of the valley of 5 nm where the switching field in
longitudinal geometry is about 6000 Oe, in the case of the film with a lateral periodicity
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of 15 nm and deep of the valley of 3 nm, the switching field in longitudinal geometry is
about 4000 Oe whereas in transversal geometry the jump in magnetization is larger and
at a switching field closer to the switching field in longitudinal geometry. At the same
time, the coherent rotation in perpendicular geometry develops much harder (i.e., lower
magnetic susceptibility) than in the former case. To note that in a planar geometry (0 nm
deep of the valley), with in plane magnetic anisotropy, a full magnetization reversal from 1
to —1 appears at the same very low field of order of hundred Oe in both longitudinal and
transversal geometries whereas the coherent reversal is the hardest. At this point, one may
conclude on undulated thin films of Fe (and by extension of any soft ferromagnetic film)
that the magnetic reversal mechanism depends not only on the direction of the magnetic
field with respect to the structuring wave, but also on the wave characteristics with respect
to the film thickness. In the case of a lateral periodicity of about 15 nm as in the present
case, for nanometer-sized valley deeps larger than the film thickness, a strong in-plane
uniaxial anisotropy (shape related) with the easy axis along the waves is evidenced by mi-
cromagnetic calculations. The magnetization reversal in longitudinal geometry takes place
at a switching field higher than a few thousand Oe, via a fast domain wall displacement.
In transversal geometry (with the field applied along the film but perpendicular to the
wave), a coherent rotation takes place initially, followed by a final switching by domain
wall displacement in lower negative fields of the order of hundred Oe. The coherent spin
rotation which is in work in perpendicular geometry is saturated in fields higher than
10 kOe. By decreasing the valley deep down to the film thickness, the discrepancies be-
tween the magnetic reversal loops in longitudinal and transversal geometries become lower
and lower, involving however almost similar switching fields of the order of kOe. The
saturation of the coherent spin rotation in perpendicular geometry becomes harder and
harder, involving applied magnetic fields of many tenths of kOe.

Besides, the magnetization reversal of magnetic clusters depends on both the size
and the shape of the clusters. Ellipsoidal magnetic nanoparticles of enough low size and
aspect ratio with magnetic monodomain structure can be superparamagnetic above the
blocking temperature whereas below the blocking temperature the magnetization reversal
respects the Stoner-Wohlfarth mechanism [41]. Rectangular hysteresis loops are obtained
with the field applied along the easy axis, the switching field being dependent on the
shape anisotropy energy and taking values of hundreds of Oe in the case of ellipsoidal
Fe and FeCo nanoparticles of high aspect ratios. A coherent spin rotation takes place
with the magnetic field applied perpendicular to the easy axis with the saturation field
equating to the switching field. Given the trenched structure of the template, ellipsoidal
magnetic nanostructures may be dominantly formed in case of unappropriated wetting
of the deposited material. In fact, this limiting case can be obtained starting also from the
unidirectional case of filiform configurations along the trenches. Accordingly, in the peculiar
case of undulated templates with trenches of high lateral periodicity, non-interacting
filiform nanowires (deposited only in the valley) can be obtained for the deposited effective
thickness of the film lower than half of the deep of the valley. The magnetization reversal
of the assembly respects the magnetization reversal of a nanowire, which is strongly
dependent on its diameter. Coherent rotation behavior (Stoner-Wohlfarth like) is specific
to nanowires of soft magnetic materials (Ni, Fe, and even Co) with diameters lower than
4-5 nm whereas for higher diameters other mechanisms are in work (transverse wall mode,
curling mode, etc.). However, in all cases a distinction can be made in the reversal loops
obtained with the applied field along the easy axis (longitudinal geometry in the present
case) and perpendicular to the easy axis (either transversal geometry or perpendicular
geometry in the present case). Rectangular loops are specific to longitudinal geometry and
linear ones to transversal and perpendicular geometries (with saturation field equating
to the switching field in case of only coherent rotation and a higher saturation field than
the switching field in case of transverse wall mode). If dipolar interactions take place
between the nanowires, deviations from both the rectangular and linear variation of the
magnetization versus field may appear. Such much-rounded shapes of the loops can be
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also due to local discontinuities of the nanowires, leading to the distribution of magnetic
segments, easily associated with a distribution of ellipsoidal nanoparticles of different sizes
and aspect ratios.

Moreover, before the presentation of the experimental vectorial magnetic reversal
curves depending on the direction of the applied magnetic field with respect to sample-
related fixed axes, it is worth mentioning some important specificities for its interpretation.
There are well-known pitfalls of SQUID measurements in the case of magnetic measure-
ments on non-uniform magnetic configurations of extremely low magnetic moments [42,43].
It was proved that due to different filling factors of the SQUID pick-up coils, large variation
in the measured signal (e.g., the total magnetic moment at saturation) can be observed
depending on the orientation of the sample with respect to the coil geometry (such discrep-
ancies are even more evident in case of nanostructures grown on diamagnetic substrates).
Usually, the pick-up coils are concentric to the superconducting coil which generates the
applied magnetic field, and hence the measured signal will depend on the orientation of
the magnetic structure with respect to the field. Therefore, not the values of the saturation
magnetization in different geometries will be critically discussed, but the overall vectorial
behavior (the shape) of the hysteresis loops at different orientations of the applied field with
respect to the nanostructured samples. It should be noted that the diamagnetic contribution
of the substrate was properly subtracted in the case of the hysteresis loops presented in the
next sections.

3.2.1. Magnetic Characterization of Fe Undulated Systems (with an Effective Thickness of
3 nm) Deposited on Mo Trenches

Magnetic properties of Fe nanostructures, with a thickness of 3 nm—as derived from
the TEM image (Figure 1d), i.e., the magnetic anisotropy, the magnetic moment, and the
easy axis of magnetization are determined from the observed magnetic behavior at various
orientation of the applied field versus sample plane and a fixed in-plane direction as well
as at different temperatures. Magnetic hysteresis loops acquired at 10 K and at different
orientations of the applied field with respect to the structured undulated plane, as well as
at different temperatures are presented in Figures 3a and 3b respectively.

Neglecting the values of the saturation magnetization (due to the pitfalls of such
specific SQUID measurements) two main observations should be underlined from Figure 3a:
(i) rounded hysteresis loops of similar shapes and coercive fields of about 280 Oe are
obtained in transversal and longitudinal geometry at 10 K (no dominant easy axis specific
to strongly undulated thin films) and (ii) a relative fast saturation within a not opened loop
in perpendicular geometry. According to the above discussion, the only situation for such
a behavior can be explained by a quasi-discontinuous undulated thin film formed by three-
dimensional islands of Fe of nanometer size (about 5 nm), which strongly interact at low
temperature. Hence, at 10 K, the magnetization reversal will be specific to a combination
between the long-range magnetic structure of an undulated thin film with an equivalent
thickness higher to the valley deep (whit negligible difference between magnetization
reversal in transversal and longitudinal geometry) and an assembly of quasi-spheroidal
nanoparticles which open the low coercive loop specific to the magnetic frozen state below
the blocking temperature. As a consequence, due to nanoparticle-related components, the
similar reversal loops in longitudinal and transversal geometries will present a relatively
low coercive field as compared to a simple undulated thin film whereas. Also, the magnetic
reversal in perpendicular geometry will present a higher magnetic susceptibility in low
fields, followed by an apparent saturation due to the compensation of the diamagnetic
susceptibility of the substrate with the positive susceptibility of the undulated film.
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Figure 3. Hysteresis loops of the Fe nanostructured system collected at 10 K in longitudinal, transver-
sal, and perpendicular geometry (a); hysteresis loops as a function of temperature in longitudinal
geometry (b). Insets present an enlarged image of the hysteresis loops around the origin. ZFC-FC
curves collected with 200 Oe applied field in longitudinal geometry. Inset shows the hysteresis loops
collected at 300 K in different geometries (c).

By increasing the temperature, the finest nanoclusters (smallest Fe islands) become
progressively superparamagnetic, canceling the interactions between the larger clusters. As
a consequence, the long-range magnetic order specific to the undulated thin film structure
disappears and the coercive field in the longitudinal magnetization reversal (specific to
only an assembly of non-interacting magnetic nanoparticles) decreases progressively with
the temperature while more and more nanoparticles become superparamagnetic (Figure 3b)
This behavior is also nicely supported by the ZFC-FC curves presented in Figure 3c. The
ZFC-FC procedure was carried out by measuring the magnetic signal with an applied
magnetic field of 200 Oe while increasing temperature, after the previous cooling of the
sample in a null magnetic field. As the temperature is increased, a progressive increase
of the magnetic moment is observed due to a size distribution of the magnetic entities
(and implicitly of the magnetic moment) as a consequence of their deblocking followed
by their orientation towards the applied field. The range of temperatures at which the
magnetic moment is increasing corresponds to the distribution of sizes of the magnetic
entities and thus, of the blocking temperature. An average blocking temperature of about
136 K (in longitudinal geometry) was estimated at the maximum of zero-field cooling (ZFC)
curves. From the variation of the coercive fields in Figure 3b with the v/T a final blocking
temperature of about 150 K was determined. Despite the large error in the determination of
this value due to the lack of experimental points, it is in good agreement with the blocking
temperature estimated from the ZFC-FC curves. To note the very slow decrease of the
curves above the branching point, proving a very broad size distribution of the Fe islands in
the film. The magnetic moment measured at room temperature supports also the existence
of magnetically frozen nanoparticles even at room temperature.
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3.2.2. Magnetic Characterization of FeCo Undulated Systems (with an Effective Thickness
of about 3 nm) Deposited on Mo Trenches

For comparison, a FeCo sample was prepared in the same experimental conditions
as the Fe undulated system characterized above, keeping the same effective thickness of
3 nm of the FeCo magnetic layer. Magnetic reversal loops measured in different geometries
and at different temperatures are presented in Figure 4a,b. There is not a notable difference
between the magnetization reversal loops collected at 10 K with the field applied in the
sample plane (longitudinal, transversal, and oblique geometries, the last one meaning
the field oriented at 45 degrees with respect to longitudinal and transversal direction),
similar to the previous case. The coercive field is in this case about 200 Oe (so, slightly
lower than in the case of the Fe film), inferring on one hand an undulated long-range
magnetic structure with an effective thickness higher than the valley deep, and on the other
hand, rather the formation of oblate FeCo islands/nanoparticles (e.g., with lateral sizes
larger than the highness). As a consequence, the magnetic susceptibility in perpendicular
geometry is much lower in the case of the FeCo oblate nanoparticles/spheroids than in
the case of the quasi-spheroidal Fe ones, and therefore, the overall contribution to the
magnetic susceptibility at 10 K coming from the undulated FeCo thin film with long-range
magnetic order, the system of FeCo oblate nanoparticles in the magnetic frozen regime
and the diamagnetic substrate becomes negligible. This is an additional reason for the
very low values of magnetization over the whole range of applied magnetic fields during
the magnetic reversal in perpendicular geometry. On the other hand, the evolution of the
coercive field with temperature in longitudinal geometry is quite similar to the one of the
3 nm Fe film. Following the same explanation, the finest FeCo oblate nanoparticles become
superparamagnetic at higher temperatures (as proven also by the ZFC-FC measurements
in Figure 4c), canceling out the long-range magnetic interaction of the non-homogeneous
undulated FeCo thin film. The magnetic behavior is due to only the assembly of non-
interacting FeCo nanoparticles which enter progressively the superparamagnetic state at a
higher temperature.

The blocking temperature estimated from the ZFC curve measured in longitudinal
geometry with an applied field of 200 Oe is about 157 K (Figure 4c). The insignificant
decrease of magnetization above the branching temperature infers also FeCo nanoparticles
of large size and shape distribution, many particles remaining in the blocked state also
at room temperature. However, the larger blocking temperature and coercive field in
longitudinal geometry in the case of the FeCo system as compared to the Fe system,
give support for an in-plane anisotropy of the largest nanoparticles, higher in the case
of FeCo systems. Nevertheless, this situation becomes possible only for quasi-ellipsoidal
nanoparticles (prolate spheroids) oriented along the trenches. Hence, a higher in-plane
uniaxial anisotropy of the system can be kept at 300 K (easy axis along the ellipsoidal
nanostructures) in the FeCo systems. Given this behavior, two FeCo systems grown on
trenches of higher periodicity will be considered, with the aim of diminishing the lateral
dipolar interaction between the ellipsoidal nanoparticles which are magnetically blocked
at room temperature.

3.2.3. Magnetic Characterization of FeCo Nanostructured System (with a Thickness of
3 nm) Deposited on Mo Trenches Prepared at Higher Temperature Than Those Presented
in Section 3.2.2

Considering a further possibility to control the magnetic properties of these nanosys-
tems, we prepared Mo templates using a temperature gradient in the range (500-200 °C),
which induces a larger periodicity than that of the first two samples [22]. These templates
were used for the deposition of FeCo films of two different effective thicknesses.
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Figure 4. Hysteresis loops of FeCo sample collected at 10 K in longitudinal, transversal, oblique, and
perpendicular geometry (a); hysteresis loops as a function of temperature in longitudinal geometry (b).
Insets present an enlarged image of the hysteresis loops around the origin. ZFC-FC curves collected
with 200 Oe applied field in longitudinal geometry. Inset shows the hysteresis loops collected at
300 K in different geometries (c).

Hysteresis loops were collected at 10 K in different geometries and at different tem-
peratures and the ZFC-FC curves of the FeCo system with the same thickness (3 nm) and
deposition conditions similar to the one presented in Section 3.2.2, are shown in Figure 5.
However, in this case, the facetted template should have a higher periodicity of the trenches
than the previous system. If concerning the magnetization reversal in longitudinal and
transversal geometries the situation is similar to of the previous FeCo film (with almost
the same shape and a coercive field of 200 Oe in both geometries), a significant difference
appears in the perpendicular geometry (Figure 5a). This behavior might be induced by
the Co composites and the magnetization reversal mechanism that is strongly dependent
on the geometrical configuration of the finest FeCo nano-islands/nanoparticles which
are blocked at low temperature and assure the long-range magnetic interaction of the
undulated film and develops along a more rounded hysteresis loop, of high coercive field.
The only explanation for this behavior, is the formation of oblate islands/spheroids grown
on the wave side, in such a way that a field perpendicular to the undulated film will make
a small but finite angle with the plane of the quasi-bidimensional island. According to the
Stoner-Wohlfarth model, the magnetization reversal develops in this case gradually (with
low magnetic susceptibility), but with a sensible coercive field. By increasing the tempera-
ture, the finest FeCo nanoparticles become superparamagnetic, cutting out the interaction
among the largest prolate islands (nanoparticles assimilated to prolate spheroids with the
long axis along trenches. Accordingly, the coercive field of the assembly of non-interacting
prolate nanoparticles decreases with temperature, as the effect of more and more nanoparti-
cles entering the superparamagnetic regime (Figure 5b), similar to the case of the previous
FeCo film. However, the ZFC-FC curves, in this case, suggest a much-increased blocking
temperature above 300 K (Figure 5c), meaning longer prolate magnetic nanostructures
along the trenches.
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Figure 5. Hysteresis loops of a 3 nm FeCo film grown on more distanced trenches, collected at 10
K in longitudinal, transversal, and perpendicular geometry (a); hysteresis loops as a function of
temperature in longitudinal geometry (b). Insets present an enlarged image of the hysteresis loops
around the origin; ZFC-FC curve in longitudinal geometry. Inset shows the hysteresis loops collected
at 300 K in different geometries (c).

3.2.4. Magnetic Characterization of a Thicker FeCo System than the One Presented in
Section 3.2.3

In order to further study the influence of the film thickness on the magnetic properties
of such nanostructures, a much thicker FeCo system of approximately 15 nm (5 times higher
thickness than the systems presented above) was prepared on Mo linear trenches. The
grooved Mo templates were deposited at a temperature gradient of (500-300 °C) similarly to
the system previously presented. Hysteresis loops collected at 10 K in different geometries
and at different temperatures as well as the specific ZFC-FC curves are illustrated in
Figure 6. A noticeable difference can be observed in Figure 6a as compared to Figure 5a.
That is the higher coercive field (800 Oe as compared to 200 Oe) reflected by the two loops of
similar shape collected in longitudinal and transversal geometry. That means the undulated
thin film contribution to the in-plane anisotropy of the system becomes dominant over the
oblate nanoislands grown on the wave side, as will be easily expected from the deposition
of a thicker film. On the contrary, in the perpendicular geometry where the spins of the
undulated film respond very hardly to the field, the dominant increase of magnetization is
given by the magnetization reversal of the finest oblate nanoislands which are magnetically
frozen at low temperature and hence the shape of the loop is similar to the previous
case. At increasing temperature, the finest oblate nanoparticles become superparamagnetic
and cancel out the long-range magnetic interaction between larger clusters, leading to
magnetic configurations specific to undulated thin films. Hence, the coercive field of
the assembly of the prolate nanoclusters decreases at increasing temperatures due to
the increased number of superparamagnetic nanoparticles/nanoislands (Figure 6b). The
average blocking temperature, well above 300 K as deduced from the ZFC-FC curves
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presented in Figure 6c is even higher than in the previous case, proving the formation of
prolate nanoislands of higher aspect ratio (or anisotropy constant).
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Figure 6. Hysteresis loops of 15 nm FeCo film grown on more distanced trenches, collected at
10 K in longitudinal, transversal, and perpendicular geometry (a); hysteresis loops as a function of
temperature in longitudinal geometry (b). Insets present an enlarged image of the hysteresis loops
around the origin. ZFC-FC curve in longitudinal geometry. Inset shows the hysteresis loops collected
at 300 K in different geometries (c).

Due to the higher effective thickness of the inhomogeneous FeCo film, the in-plane
magnetic properties of the FeCo system were also characterized at room temperature by
magneto-optical measurements using a MOKE magnetometer.

Specific vectorial hysteresis loops (at different orientations of the field with respect
to the trenches direction), as well as polar representations of the relative remnant magne-
tization (remnant to saturation magnetization ratio) and of the normalized coercive field
(current coercive field reported to the maximal coercive field) obtained from the MOKE
hysteresis loops collected at different azimuthal angles, are shown in Figure 7. The ample
variation of the shape of the hysteresis loops with the azimuthal angle, translated also in
the large oscillations of both the relative remnant magnetization and normalized coercive

field, proves clearly the high uniaxial anisotropy of the system along the trenches achieved
at room temperature in such systems.
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Figure 7. MOKE loops of FeCo structures with a thickness of 15 nm deposited on Mo with linear
trenches, collected at different azimuthal angles with respect to the direction of trenches; Angular
representation of the relative remanent magnetization and normalized coercive field are shown in insets.

4. Conclusions

Nanostructured undulated thin films of Fe and FeCo were prepared on trenched Mo
templates. We characterize the vectorial magnetic properties by tuning the shape, size,
thickness, and composition parameters of the system. Inhomogeneous undulated thin
films consisting of low size oblate islands and larger prolate islands with the magnetic easy
axis along the trenches were obtained in all cases. Both the long-range magnetic ordered
undulated system and the nanoparticulate system contribute to the magnetization reversal
at low temperatures. By increasing the temperature, the low-size oblate nanoparticles
become superparamagnetic and cut off the long-range interactions among the larger prolate
nanoparticles. Hence, at room temperature, the magnetization reversal is specific to an
assembly of non-interacting oblate ellipsoidal nanoparticles which behave as nanowires
with the easy axis of magnetization oriented along the trenches. The uniaxial anisotropy of
the system at room temperature and the complex anisotropy at low temperature can be
controlled by induced specificities of trenches, thickness, and composition of the magnetic
material. The obtained results open new paths for the extension of the studies concerning
the adjustment of magnetic properties on various linear magnetic systems and thin films.
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Abstract: ZnO/Ag/ZnO nanolaminate structures were deposited by consecutive RF sputtering at
room temperature.The optical transparency, sheet resistance, and figure of merit are determined in
relation to the deposition time of Ag and to the film thickness of the ZnO top layer. An improved
transmittance has been found in the visible spectral range of the ZnO/Ag/ZnO structure compared
to ZnO multilayers without Ag. High transmittance of 98% at 550 nm, sheet resistance of 8 ()/sq,
and figure of merit (FOM) of 111.01 X 1073 O~ lare achieved for an optimized ZnO/Ag/ZnO
nanolaminate structure. It is suggested that the good optical and electrical properties are due to the
deposition of the discontinuous Ag layer. The electrical metallic type conductivity is caused by planar
located silver metal granules. The deposition of a discrete layer of Ag nano-granules is confirmed by
atomic force microscopy (AFM) and cross-section high-resolution transmission electron microscopy
(HRTEM) observations.

Keywords: transparent conductive oxide (TCO); magnetron sputtering; ZnO/Ag/ZnO; transparent
conducting nanolaminate structures; discontinuous Ag layer; oxide/metal/oxide

1. Introduction

In solar cells and optoelectronic devices, an ideal transparent top electrode must
effectively collect electrical carriers while exhibiting minimal optical and electrical losses.
Independent from the application, all transparent electrode materials should combine
the following properties: transparency in the spectral range of the device, high lateral
conductivity (low sheet resistance), good ohmic contact with adjacent layers, and low
impact on the underlying layers during their deposition. Recently, the main objective
of developing new materials for transparent conductive oxide (TCO) films is to achieve
lower resistivity and higher transmittance in the spectral visible range and to replace the
conventional ITO conductors. Transparent conducting oxides (TCOs), namely SnO;, ITO,
doped ZnO, etc., are widely investigated in order to be applied as electrodes in a variety of
optoelectronic devices such as solar cells and light-emitting diodes [1]. Among transparent
electrodes, metal oxide/metal/metal oxide (OMO) structures can achieve improved optical
and electrical performances comparable to single TCO layers and very thin metallic films [2].
The development of ITO-alternative low-cost, earth-abundant, and mechanically stable
TCOs exhibiting excellent transparency and electrical properties is very important. OMO
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structures as multilayer TCOs possess excellent optical and electrical properties that can be
achieved at much lower thickness even after combining the individual layer thicknesses [3].
The top and bottom oxide layers provide high optical transparency along with protection
for the metal layer from degrading [4]. Thus, a ZnO-based multilayer TCO can be cheaper
compared to ITO as the complete thickness of the structure (<100 nm) is much lower than
that of ITO (~400 nm) to obtain similar electrical and optical properties [5].

The optical and electrical properties of oxide/metal/oxide structures are well docu-
mented [5-12], demonstrating that the dielectric/metal/dielectric thin films with different metals
such as Ag, Au, and Cu have improved conductivity and high optical transmission [5,8-12].

Herein we make use of electrical conductivity in granular (discontinuous) type
films [13]. The granules are metallic particles with sizes ranging usually from a few
to hundreds of nanometers, embedded into an insulating matrix. The nanolaminate OMO
structure is formed using one or two different dielectric layers. The electrical conductivity
can be tuned by controlling the lateral dispersion of the metal granules within the nanolam-
inate. The most important part of the fabrication of nanolaminate OMO structures with
specified optical and electrical properties is the deposition of a discontinuous metal layer.
The advantages of this approach are reproducibility, effective process control, and a selec-
tive formation of conductive areas in a dielectric structure. Nanolaminate structures with
dielectric layers such as TiOp, MoOy, and Al,Os [14], and various metals such as Ag, Cr,
Ni, and Pt [15] have been studied. These studies were conducted for various applications
of OMO structures [16-18] such as indium-free TCO, optoelectronic devices, energy and
flexible electronics, and flexible photovoltaic cells.

In this study, we report on the formation of transparent and conductive ZnO/Ag/ZnO
nanolaminate structures obtained only by magnetron sputtering at room temperature. Us-
ing atomic force microscopy (AFM) and high-resolution transmission electron microscopy
(HRTEM) measurements, we evidence that the deposition of Ag on the ZnO layer forms
a discontinuous layer. These islands-type structures in conjunction with the optimized
thickness of the top zinc oxide layer increase the structure transparency, achieving a high
value of the figure of merit: —111 x 1072 Q~!. An additional advantage of this structure is
that it retains its properties after annealing up to 400°C making it a promising candidate as
a highly efficient transparent electrode for optoelectronic devices.

2. Materials and Methods
2.1. Nanolaminate Structure Deposition

Zn0O/Ag/ZnO nanolaminate structures were prepared by high-frequency magnetron
sputtering technique on glass and Si substrate. The equipment was an RF magnetron
sputtering system model CFS-4ES Tokuda system (Tokuda, Seisakusho Co., Ltd., Ginan-
cho, Japan) with a 3 sputtering source P-GUN75 (3 inches). The substrate holder was a disk
with a diameter of 200 mm and had a water cooling system.The used targets are Ag and
ZnO with purities of 99.9% (Kurt J. Lesker; Company LTD., Hastings, UK), respectively.
Argon was used as a sputtering gas. The three targets (75 mm in diameter each) were
positioned at eccentric positions in front of the substrate holder.The holder was water
cooling; therefore a little radiation heat was generated. The targets and the substrate holder
were vertically arranged (mode-side sputtering) at a distance of 8 cm. The substrate holder
can be rotated at a speed of 10-80 rpm. The three-target configuration allows us to deposit
successively different layers without opening the chamber. Sputtering was performed at
room temperature without any post-process treatment.The base chamber pressure before
the deposition was approximately 1 x 10~® mbar and the sputtering process was performed
at a chamber pressure of approximately 6 x 1073 mbar for ZnO and 1 x 10~3 mbar for Ag.
ZnO and Ag were deposited using an RF power of 200 W. During the sputtering process,
the substrate holder was rotated at speed of 20 rpm for ZnO and 60 rpm for Ag. The
ZnO/Ag/ZnO multilayer structures were consecutively deposited onto glass substrates
(Borofloat glass) and Si wafers (p-type CZ, 3” polished wafers with resistivity 10 Q).cm).
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Before being loaded into the sputtering chamber, the glass substrates were cleaned in an
ultrasonic bath with deionized water for 15 min and finally dried in a N, stream.

In our experiments, the deposition times of undercoat and overcoat ZnO layers were
3 min and 6 min, while the deposition time of Ag was set to 5 and 10 s. When Ag is
sputtered for a longer time, the metal grains change to high-density distribution. As
the result, the conduction ability of fabricated samples is improved. Structures without
silver nano-granules were prepared as reference samples under the same conditions. The
description of the prepared samples is given in Table 1.

Table 1. The sample preparation and the obtained film thickness of the nanolaminate structure.

Sputtering Time Layer Thickness (nm)
e Sample ZnO ZnO
(Bottom) Ag ZnO (Top) (Bottom) Ag ZnO (Top)

1 Zn0O/Ag/ZnO 3 min 7s 3 min 29 29

2 Zn0/Ag/ZnO 3 min 7s 6 min 29 Nanoclusters 63

3 Zn0/Ag/ZnO 3 min 10s 3 min 29 29

4 Zn0O/Zn0O 3 min - 3 min 29 29

5 Zn0/ZnO 3 min - 6 min 29 63

The thickness of ZnO layers was determined by ellipsometric measurements on
test samples on a silicon substrate at the different sputtering times of the layers. More
complicated is the problem of determining the thickness of the Ag layer. We hypothesize
and prove an island structure of Ag granules. In this case with metal islands, where the free
space between them is large, the role of the surface substrate dominates. For this reason,
we consider that the real thickness cannot be determined from ellipsometric measurements.
For this reason, some researchers use the duration of the sputtering process [19] or various
Ag deposition rates [20].

2.2. Characterization Methods

The optical properties of the nanolaminate OMO structures are studied by means
of UV-VIS-NIR Shimadzu spectrophotometer UV 3300 (Shimadzu Corporation, Kyoto,
Japan). Spectral ellipsometry (SE)was applied to optically characterized nanolaminate
OMO structures. A spectroscopic ellipsometer ]J. A. Woollam M-2000 (J.A. Woollam Co.
Instruments, Lincoln, NE, USA) was used to acquire film thickness and optical constants
in the spectral region of 200-1000 nm. The SE measurements were collected at angles of
incidence equal to 45°, 55°, 65°, and 75°, respectively. The sheet resistance was measured
using the four-point probe method using a VEECO instrument, model FPP-100, USA.

The surface morphology was investigated by AFM measurements that were carried
out using a Multimode V (Bruker, ex. Veeco, Santa Barbara, CA, USA). Imaging was
performed in tapping mode and height, with a scan rate of 2 Hz and 512-line image
resolution. SEM and HRTEM analyses were performed to evaluate the surface morphology
of the Ag layer. TEM analysis was performed with a JEOL 2100, 200 kV (JEOL Ltd., Tokyo,
Japan), double tilt holder, beam aligned at the {110} zone axis of the carrier wafer.The
cross-section is made with Helios Nanolab Dual Beam FIB (CIC nanoGUNE, San Sebastian,
Spain): final thinning at 93 pA 30 kV, final polish 5 kV 56 pA, in situ lift out.

3. Results and Discussions
3.1. Ellipsometric Measurements

ZnO structures of different thicknesses deposited on silicon and glass substrates were
investigated by applying spectroscopic ellipsometry (SE). SE spectra were measured at
room temperature in a spectral range from 193 nm to 1000 nm. The angle of incidence varies
between 45° and 75° (10° steps). SE measurements produce two parameters; the amplitude
ratio (Pgxp) and phase difference (Agyp,) between the incident and the reflected polarized
beams. The extraction of the optical constants n and k from the measured quantities PExp
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Refractive index, n

and Agyp, is done using an adequate optical model and fitting procedure. Two types of
structures were measured: sample 4 and sample 5 (see Table 1). Sample 4 was obtained
after two consecutive ZnO depositions of three minutes each with a pause of 30 s between
them. Sample 5, with two ZnO layers, was formed by deposition of the first layer for 3 min
and the second one for 6 min.

The refractive index (n) and extinction dispersion (k) of the sputtered ZnO structure
are presented in Figure 1. The extinction above 400 nm is very low, indicating the high
transparency of the film. The refractive index is varied from 2.04 to 1.86 in the spectral range
of 400 to 1000 nm.These values are in agreement with the literature data. The refractive
index of sputtered ZnO films is reported to be in the range of 1.96 to 2.06 at 500 nm,
depending on the film thickness and technological conditions [21].
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Figure 1. Dispersion of (a) refractive index and (b) extinction coefficients of magnetron sputtered
Zn0O/ZnO0 structures, sample 4 and sample 5.

The total thickness of the ellipsometric measurements for sample 4 is 58 nm and for
sample 5 is 92 nm. The average deposition rate is 9.9 nm/min.

Figure 2 shows the SE parameters gy, and Agyxp measured for sample 4 at a different
angle of incidence for samples 1, 3, and 4. Samples 1 and 3 are nanolaminate film structures
with Ag nano-granules i.e., ZnO (28 nm)/Ag/ZnO (28 nm), the difference is the density of
Ag nano-granules (deposition time of Ag). Sample 4 is only the ZnO layer. These results
are similar to the results presented in [22].
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Figure 2. Ellipsometric angles (¥, A) of (a) sample 1 (ZnO (29 nm)/Ag (7 sec)/ZnO (29 nm)), sample 3
(ZnO (29 nm)/Ag (10 sec)/ZnO (29 nm)), and (b) sample 4 (ZnO (29 nm)/ZnO (29 nm)) on glass
substrate. Yand A are measured at an angle of incidence of 45°.
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The spectral behavior of WPExp and Apxp depends on the deposition time of silver. This
can be used as a technological criterion for the presence of silver particles.

3.2. Optical Properties and Sheet Resistance

Multilayered ZnO/Ag/ZnO structures were deposited layer by layer on glass sub-
strates using an RF magnetron sputtering system. The sputtering time and thickness of the
layers are listed in Table 1.

In previous articles [14-16], the relationship between optical transmission and sheet
resistance of nanolaminate structures of the ZnO/Ag/ZnO type, depending on the thick-
ness of the Ag layer (or deposition time) has been reported. The effect of the thickness of
the top layer (ZnO above Ag nano-granules) is also studied in this research. Figure 3 shows
the transmittance spectra of the samples described in Table 1.

100
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Figure 3. Transmittance spectra for ZnO/ZnO and nanolaminate structure ZnO/Ag/ZnO. The bare

substrate is given for comparison.

Table 2 presents the results for the sheet resistance, average transmittance, and figure
of merit of the samples from Table 1. In many previous studies of oxide/metal/oxide
nanolaminate structures, it has been reported that sheet resistance and optical transmission
depend on the thickness of the metal layer [6,8,9]. The thickness of the metal layer varies
from 5 nm to 20 nm. Our research shows that increasing the sputtering time increases the
density and size of the metal granules, which is the reason for the increase in electrical
conductivity. These results are reported for TiO, /Ag/TiO, nanolaminate structures [15].
A similar dependence for the studied samples ZnO/Ag/ZnO is presented in Table 2 for
sample 1 (7 s sputtering time) and sample 3 (10 s). It must be noted that the transmittance
is measured against air and the reported transparency values are for the whole system
glass substrate + nanolaminate structure. Table 2 presents the average transmittance value
in the spectral range of 400-800 nm considering and subtracting the bare glass substrate
spectrum. It is seen that the ZnO/Ag/ZnO nanolaminate structures are very transparent
reaching almost 98%.
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Table 2. Sheet resistance, Rgpeet, Of nanolaminate structures, average transmittance, Taverage, and
FOM values, estimated for nanolaminate structures. The average transmittance is determined for the
spectral range of 400-800 nm and extracting the substrate transmittance.

Rsheet Taverage FOM x 103
Structure (Qfsq) (%) (1)
Sample 1 ZnO (29 nm)/Ag (7 s)/ZnO (29 nm) 23 90.84 16.64
Sample 2 ZnO (29 nm)/Ag (7 s)/ZnO (63 nm) 8 98.82 111.01
Sample 3 ZnO (29 nm)/Ag (10 s)/ZnO (29 nm) 13 94.01 41.48

The figure of merit (FOM), proposed by Haacke [23,24], is an effective way to evaluate
the electrical and optical properties of transparent conductors and can be determined by:

TlO
FOM = %, 1
Rsheet

where T, is the average transmittance in the spectral range 400-800 nm and Rg,; is the
sheet resistance measured by a four-point probe. The results of FOM are summarized in
Table 2.

In Table 3, a comparison of reported sheet resistance and figure of merit of OMO
structures, deposited using different methods is given. It must be noted that for commercial
ITO, the values are T = 90.2%, Ryeer = 30 Q/sq, and FOM = 12 x 1072 Q~!. The FOM
values obtained in this work are close to or even higher than previously reported values
(Table 3). Thus, OMO nanolaminate structures with superior optical and electrical proper-
ties and figures of merit have been fabricated using consecutive magnetron sputtering at
room temperature. The fabricated OMO structures with lower sheet resistance and lower
thickness can prove advantageous for reducing the substrate cost in the devices [3,25].

Table 3. Overview of different OMO structures, including their deposition method, average transmit-
tance, sheet resistance, and figure of merit (FOM).

Structures Deposition Method (1;.;7;:) Ta(‘:;:;‘ge FOI(\;I;;I)O ’ Reference
Zn0O/Cu/ZnO RF/DC sputtering 14.04 68 (550 nm) 63.7 [26]
ZnO/Ag/ZnO RF/DC sputtering 3.01 90 236 [6]
ZnO/Ag/ZnO RF sputtering PET substrate 4.98 92-95 104.5 [27]
ZnO/Ag/ZnO Reactive sputtering 82 5.3 24 [28]

MGZO/Ag/MGZO reactive plasma deposition 10.0 94.7 58.0 [29]
ZnO/Ag/ZnO . 5.4 87.0 224 [3]
AZO/Ag/AZO RF sputtering 53 92.0 455 3]
AZO/Au/AZO RF sputtering 14.31 82.1 (550 nm) 9.69 [30]
AZO/Cu/AZO RF sputtering 143.4 70 1.97 [31]
ITO/Ag/ITO MOCVD 3.8 91.3 106.1 [32]
ITO/Ag/ITO RF sputtering 264.3 92.0 1.65 [33]
ITO/Ag/ITO Impulse magnetron sputterin 7.29 97.0 101.16 [34]
ITO/Cu/ITO P sn P & 1043 74.0 483 [34]
TiO, /Ag/TiO, RF sputtering 3.5 89 69.6 [33]
TiO,/Ag/TiO, RF sputtering 3.31 96.8 69.6 [9]
TiO,/Ag/TiO, sputtering 13 88.7 (550 nm) 23.2 [35]
SnO,/Ag/SnO, RF sputtering 9.0 94.8 60.0 [11]
TayOs5/Ag/TayOs RF sputtering 2.53 91.64 157.04 [36]

The nanolaminate structures with an equal film thickness as ZnO (sample 1 and
sample 3) possess sheet resistance values that decrease when increasing the deposition time
of Ag. The comparison between sample 1 and sample 3 reveals that the sheet resistance
has been reduced by a factor of two while the silver deposition time was increased from
3 to 6 min. Notably, sample 2, having almost double the thickness of the top ZnO layer
in sample 1, showed sheet resistance that is significantly decreased. The effect of the Ag
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Transmittance (%)

incorporation of the Ag layer and the thicker top layer is also observed in the transmittance
spectra (see Figures 4 and 5).
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Figure 4. (a) presents the absorption edge of samples with the top and bottom ZnO layers having the
same thickness of 29 nm, but the Ag sputtering time has been changed and (b) is the comparison
between sample 2, ZnO (29 nm)/Ag (7 s)/ZnO (63 nm)and sample 5, ZnO (29 nm)/ZnO (63 nm).

Figure 5. A3D AFM image of sputtered Ag on Si through the mask, the border mask/Ag is
clearly seen.

The nanolaminate structure with Ag (sample 2) is more transparent in the visible
spectral ranges 450-700 nm when compared to sample 5, with a similar thickness of the ZnO
layers but no Ag particle deposition. Similar optical behavior is found for samples 1 and 3
when compared to sample 4 without Ag. Sample 1 has a transparency of 74%—76%,
lower than sample 4 (74%-79%). In the near IR region, the transparency of nanolaminate
structures with Ag decreases, which is typical of OMO structures. Sample 3 reveals the
strongest decrease in the wavelength above 650 nm up to 1200 nm (NIR spectral range),
induced most probably by the higher density of the silver particles.

The transmittance spectra of samples 2 and 3 show a broad enhanced transmission in
the visible range with maximum transmittances at wavelengths of about 650 nm and 500 nm,
respectively. In contrast, the transmittance spectra for sample 1 showed no enhancement
of the visible light transmittance. Structurally, sample 1 has received the same sputtering
sequence as sample 2, only the thickness of the top ZnO layer has double the thickness
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(see Figure 3). Such an enhancement of the visible light transmittance by metal (Ag) nano-
granule incorporation has already been observed for the ZnO/Ag/ZnO films [37]. The
authors of [37] claim that this effect can be attributed to the coupling between the incident
light and surface plasmon polaritons (SPPs) of the Ag mid-layer with a layer-plus-islands
structure. The coupling or resonance between incident light and SPPs can lead to many
interesting physical phenomena, such as extraordinary light transmission [38] and surface-
enhanced Raman scattering [39]. In [22], it is also shown that Ag clusters not only have
evidently lowest possible absorbance but also might gain from plasmonic features such as
re-emission of the light coupled by the SPs at the random silver-island grating or enhanced
transmittance.The optical transmission enhancement of ZnO films with incorporated Ag
was also investigated by others [40] and they stated that light transmission is enhanced
by SPR.

Figure 4 manifests the change of the absorption edge, depending on the Ag layer
(different deposition times) and ZnO thickness. The absorption edge is shifted towards the
longer wavelengths due to the Ag layer. It is also dependent on the Ag sputtering time. A
similar optical behavior of the absorption edge has been previously reported for structures
of ZnO/Ag/glass [37,41].

The optical and electrical characterization reveals that Ag granules deposited between
two ZnO films lead to improved transparency, lower sheet resistance, and a high figure of
merit. These results are encouraging for the application of these nanolaminate structures as
highly effective TCOs.

3.3. Morphology of the Ag Layer and Nanolaminate Structure

As the presence of silver particles contributes significantly to the improved conductiv-
ity of the nanolaminate structures, we have investigated the morphology of the silver layer
and its surface topography. Figure 5 shows an AFM image of the silicon surface whereby
the silver is deposited through a mask.

Figure 6a, b show the 3D and plain AFM images of sputtered Ag on Si substrate after
7 s and 15 s sputtering time. It is clear that the continuous Ag layer was not formed after
magnetron sputtering according to the morphology images in Figures 7 and 8. The Ag
nanoclusters are randomly distributed with distinct shapes and sizes, forming isolated
crystal grains. The diameter of the Ag particles is about 30-50 nm. As the sputtering time
of the Ag layer is increased, the size (diameter) of the Ag particles is also increased, but
their height did not change obviously. From the AFM measurement, the RMS roughness,
the arithmetic average roughness Ra and the maximum roughness depth of samples were
determined. For the shorter deposition time (7 s), the Ag layer has the following surface
parameters: RMS is 3.04 nm, Ra is 2.03 nm, and Rmax is 26.8 nm. Interestingly, the increase
of the deposition time to 15 sec results in lower surface parameters: RMS is 2.32 nm, R,
is 1.73 nm, and Rpyax is 21.2 nm. Similar results were also reported for the deposition of
copper nanoclusters [8].

The film morphology of silver was studied by the HRTEM method. For this purpose,
the substrate used was an oxidized silicon wafer, coated with silicon nitride (200 nm)
for consecutive deposition of ZnO and Ag, whereby the latter was sputtered for 7 s.
The deposition was made through a mask to define areas with and without silver par-
ticles within the same sample for analysis. Finally, a top blanket layer of ZnO was de-
posited. The nanolaminate structure was investigated with cross-section TEM and the
images are shown in Figures 7-9, whereby lower magnification (larger imaging area) im-
ages are resented in Figure 7 outlining the difference between regions with and without
Ag nano-granules. Higher magnification images of these two regions are presented in
Figures 8 and 9, respectively.
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Figure 6. Surface topography of Ag layer after (a) 7 s and (b) 15 s sputtering time.

The polycrystalline structure of the consecutively sputtered ZnO layers is clearly
distinguished (as can be seen in Figure 8).

In comparison, the region with Ag NPs shows that the sputtering for 7 sec results in
forming of a discontinuous film with Ag nanoparticles with a random in-plane orientation
as well as a size of about 100 nm. These 3D nanoclusters have penetrated into the ZnO film
and even into the underlying Si3Ny layer (Figure 9). The dark and bright bands in the Ag
nanoclusters are twinning or multiple stacking faults. This is typical for Ag nano-granules
when it is formed at low temperature.

Figure 10 shows an SEM image of nanolaminate structure ZnO (29 nm)/Ag (7 sec) / ZnO
(29 nm). The Ag islands are clearly seen. This result agrees with AFM and TEM analysis.
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Figure 7. TEM cross-section micrograph of the nanolaminate structure with two areas: the “Ag”
region is with Ag nano-granules and the “without Ag” region is without Ag deposition.
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Figure 8. TEM cross-section image of the “without Ag” region without Ag granules and the poly-
crystalline structure of the ZnO layer.
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ithin a single Ag grain

Figure 9. TEM cross-section of the “Ag granules” region and image of a single Ag granule with
planar defects.
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Figure 10. SEM image of the nanolaminate structure ZnO (29 nm)/Ag (7 s)/ZnO (29 nm).

The most important part of the technological process of nanolaminate (OMO) structure
with specified optical and electrical properties is the deposition of the discontinuous metal
layer. The optical properties and electrical conductivity are modified with planar-located
metal granules.
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Usually, TCOs have a semiconductor behavior as a negative temperature coefficient of
receptivity (TCR). The nanolaminate structure with metal granulate demonstrates metallic
conductivity because it has a positive TCR [15]. Therefore, the carriers are delocalized due
to thermal activation, and conductivity is dominated by phonon scattering.

Our hypothesis is based on the usage of electronic conductivity in granular (discontinu-
ous) type materials [13]. The key parameter that determines most of the physical properties
of the granular array is the average tunneling conductance G between neighboring grains.
It is convenient to introduce the dimensionless conductance [13], (corresponding to one
spin component):

G
8= Gy @
which is measured in units of the quantum conductance (¢?/#). The samples with ¢ > 1
exhibit metallic transport properties, while those with ¢ <1 show insulating behavior.

This hypothesis is confirmed by using the OMO structure as a strain resistor [16,41,42].
The exponential dependence of the tunneling probability on the intergranular distance suggests
the suitability of the material as a high-sensitivity strain sensor. When the OMO nanolaminate
structure is strained in tension, the average distance between the particles increases. The
tunneling probability decreases, and the resistivity of the microresistor increases [41].

3.4. Effect of Temperature Annealing

The impact of the thermal treatment on the optical and electrical properties of sample
2—7n0O (29 nm)/Ag (7 sec)/ZnO (63 nm)—was studied. When sample 2 was exposed to
low-temperature annealing at 200 °C/30 min, the transparency and the sheet resistance
were almost unchanged, however, when treated at 400 °C/15 min, the transmittance
is reduced by 10 to 15% to an average transmittance of 84.6% in the spectral range of
400-800 nm (see Figure 11). In parallel, the measured sheet resistance is changed from 8 to
20 Q/sq and correspondingly, the FOM was significantly decreased to 10.57 x 1073 Q1.
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Figure 11. Transmittance spectra of the as-deposited and the annealed at 400 °C/15 min. Sample 2:
Zn0O (29 nm)/Ag (7 s)/ZnO (63 nm).

The sheet resistance is relatively low and the nanolaminate structure is still transparent.
These results are encouraging as they suppose a kind of stability during thermal treatments.

93



Coatings 2022, 12,1324

This is an advantage for applying these structures as optical contacts in devices where
thermal treatments are required.

4. Conclusions

In conclusion, we have demonstrated highly efficient transparent ZnO/Ag/ZnO struc-
tures deposited at room temperature which are especially suitable for the application as
the TCO layer.The selected technological conditions for magnetron sputtering of silver led
to the formation of a discontinuous layer of Ag nanoclusters and these clusters define the
optical and electrical properties of ZnO/Ag/ZnO nanolaminate structures. The techno-
logical process for sputtering Ag is reproducible and reliable in terms of thickness and
structure. This has been proven on the basis of 10 years of experimental experience. This
study also presents two indirect methods for detecting the presence of silver nanoclus-
ters:spectroscopic ellipsometry and TEM analysis. In order to achieve superior optical
transparency and low sheet resistance, the crucial role has not only the sputtering process
of Ag but the optimal film thickness of the ZnO top layer as well. Varying ZnO layer
thickness, the figure of merit (FOM) changes from 16.64 x 1073 to 111.01 x 1073Q 1. The
optimized ZnO/Ag/ZnO structure achieves a maximum transmittance of 98% (550 nm)
and sheet resistance of 8 (1/sq. After low-temperature annealing at 200°C/30 min, the
transparency and the sheet resistance were almost unchanged. In order to achieve superior
optical transparency and low sheet resistance, the crucial role has not only the sputtering
process of Ag but the optimal film thickness of the ZnO top layer as well. The optimized
oxide/metal/oxide structure achieves a maximum transmittance of 98% (550 nm) and
sheet resistance of 8 (}/sq.

The advantage of the proposed multisource magnetron sputtering deposition of
nanolaminate structures is that the formation is performed at room temperature and at a
relatively high deposition rate of nearly 9.9 nm/min. This makes the proposed approach
for the fabrication of TCO coatings easily applicable for lab-scale and commercial devices.
This technological process can be applied to flexible substrates as well.
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Abstract: In recent years, significant progress has been made in the surface functionalization of mag-
netic nanoparticles (MNDPs), revolutionizing their utility in multimodal imaging, drug delivery, and
catalysis. This progression, spanning over the last decade, has unfolded in discernible phases, each
marked by distinct advancements and paradigm shifts. In the nascent stage, emphasis was placed
on foundational techniques, such as ligand exchange and organic coatings, establishing the ground-
work for subsequent innovations. This review navigates through the cutting-edge developments
in tailoring MNP surfaces, illuminating their pivotal role in advancing these diverse applications.
The exploration encompasses an array of innovative strategies such as organic coatings, inorganic
encapsulation, ligand engineering, self-assembly, and bioconjugation, elucidating how each approach
impacts or augments MNP performance. Notably, surface-functionalized MNPs exhibit increased
efficacy in multimodal imaging, demonstrating improved MRI contrast and targeted imaging. The
current review underscores the transformative impact of surface modifications on drug delivery
systems, enabling controlled release, targeted therapy, and enhanced biocompatibility. With a compre-
hensive analysis of characterization techniques and future prospects, this review surveys the dynamic
landscape of MNP surface functionalization over the past three years (2021-2023). By dissecting the
underlying principles and applications, the review provides not only a retrospective analysis but also
a forward-looking perspective on the potential of surface-engineered MNPs in shaping the future of
science, technology, and medicine.

Keywords: magnetic nanoparticles; surface functionalization/engineering; theranostics; drug delivery;
biomedical applications; targeted therapy; biomolecular conjugation; multifunctional nanoparticles

1. Introduction

Magnetic nanoparticles (MNPs) have emerged as versatile entities with profound
implications across various scientific frontiers. Their unique physicochemical properties,
including superparamagnetism and high surface area-to-volume ratios, have positioned
them as compelling candidates in fields ranging from biomedicine [1,2] to catalysis [3,4].
However, the strategic engineering of their surfaces by means of surface modifying agents
(such as amine, diimide, carboxyl, aldehyde, hydroxyl, etc.) has unlocked a new dimension
of functionalities, allowing further modification by molecule attachment and thus driving
recent advancements and expanding their potential [5].

In the realm of multimodal imaging, the surface functionalization of MNPs has become
a cornerstone in enhancing diagnostic accuracy [6-8]. By judiciously modifying the surface
chemistry, researchers have endeavored to optimize their interaction with biological entities,
improve biocompatibility, and enhance their imaging contrast properties. This has led to the
development of MNPs with tailored surface coatings, thereby enabling the precise targeting
of specific biomarkers and cell populations. The introduction of functional moieties onto
the MNP surface has not only amplified their potential as magnetic resonance imaging
(MRI) contrast agents but has also opened avenues for multimodal imaging techniques,

Coatings 2023, 13, 1772. https:/ /doi.org/10.3390/ coatings13101772 97 https:/ /www.mdpi.com/journal/coatings



Coatings 2023, 13,1772

merging the power of MRI with other imaging modalities such as fluorescence or positron
emission tomography (PET).

In drug delivery, the surface functionalization of MNPs has been pivotal in overcom-
ing the formidable challenges associated with efficient and targeted drug transport [9].
These modified surfaces allow for the conjugation of therapeutic agents, enabling con-
trolled release profiles and enhancing the pharmacokinetics of drugs. Furthermore, surface
functionalization offers the means to encapsulate drugs within protective shells, shielding
them from premature degradation or clearance, while facilitating site-specific release at
the intended destination. This approach has not only improved drug efficacy but has also
mitigated off-target effects, bringing us closer to the long-envisioned realm of personalized
medicine with a keen attention to the fate of the MNPs inside the human body [10]. The
catalytic landscape has equally been reshaped by the ingenuity of MNP surface functional-
ization. Tailoring the surfaces of MNPs with catalytic moieties has yielded heterogeneous
catalysts with unparalleled activity and selectivity. This has proven particularly advanta-
geous in complex and intricate catalytic transformations, enabling efficient conversions
with reduced side reactions. The advent of well-defined surface architectures has further
enabled precise control over catalytic sites and reactions, fostering a synergy between
catalysis and nanotechnology that promises to revolutionize chemical synthesis (Figure 1).

Applications
drug delivery

environmental

Functionalization with
groups like -NH,, -COOH

Surface coating
(PEO, PPO, polymers etc.)

Precursors :
MNPs Synthesis

Figure 1. General schematic diagram of MNPs’ synthesis and functionalization.

This review navigates the recent strides in MNP surface functionalization, unveiling
the intricacies of various strategies, their impact on enhancing imaging capabilities, opti-
mizing drug delivery, and catalytic prowess. The review underscores the interplay between
surface chemistry and function, providing insights into the key mechanisms underlying
these enhancements. Additionally, characterization techniques illuminate the modified sur-
face engineering, shedding light on their structure and behavior. Conex applications such as
cutaneous wound treatment have been shown to be responsive to functionalized hydrogels
based on magnetic core (like Fe304, MnFe,O4 and other ferrites) [11]. Despite the strides
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made in MNP surface functionalization, several critical challenges persist. Achieving
precise control over surface modifications, understanding the intricate interplay between
surface alterations and functional outcomes, and ensuring long-term stability remain areas
of active investigation. Furthermore, as MNPs traverse the path from laboratory innovation
to clinical application, it is imperative to address issues of biocompatibility, toxicity, and
clinical translatability. These challenges underscore the pressing need for a comprehensive
review that consolidates recent advances in MNP surface functionalization and provides
a roadmap for future research. The interplay between surface chemistry and function
has a clear role in enhancing drug loading and release, improving biocompatibility and
specific targeting and binding, MRI contrast, stimuli-responsive behavior, and reduced ag-
gregation for enhanced stability. For instance, when functionalized with mesoporous silica,
MNPs benefit from a high surface area for drug loading, with high surface areas and pore
volumes affording high drug-loading capacity. Furthermore, stimuli-responsive coatings
like pH-sensitive polymers control drug release, ensuring targeted delivery. On the other
hand, coating MNPs with biocompatible polymers like polyethylene glycol (PEG) creates
a hydrophilic layer that reduces nonspecific protein adsorption, thus preventing recog-
nition by the immune system and leading to prolonged circulation times and enhanced
biocompatibility. Functionalization with targeting ligands, such as folic acid or antibodies,
provides specificity. The functional group’s affinity for receptors on target cells promotes
selective binding, ensuring that the nanoparticles effectively reach and interact with the
desired biological targets. Stimuli-responsive coatings, like pH-sensitive polymers, alter
their conformation and properties in response to changes in environmental conditions. For
instance, in an acidic tumor microenvironment, pH-responsive coatings swell, leading to
controlled drug release. An aspect which is key to successful utilization in biologic systems
is the prolonged stability of MNP formulations; surface coatings with steric hindrance
properties, like PEG, create a barrier that prevents particles from aggregating. The repulsion
between PEG chains on adjacent nanoparticles ensures colloidal stability, particularly in
complex biological environments.

This review aims to address these gaps by presenting a thorough analysis of the recent
strides in the surface functionalization of MNPs. Specifically, the multifaceted strategies
employed to engineer MNPs at the nanoscale are addressed, with a particular focus on or-
ganic and inorganic coatings, ligand exchange mechanisms, and self-assembly approaches.
Through a comprehensive exploration of recent research, this review encapsulates the
burgeoning field of MNP surface functionalization, offering a panoramic view of its recent
and multifaceted applications in the biomedical field. The subsequent sections delve into
specific surface functionalization strategies and their implications in multimodal imag-
ing [12] and drug delivery. The evolving challenges and future prospects are also discussed,
underscoring the transformative potential of surface-engineered MNPs in addressing some
of the most pressing scientific and technological frontiers of our time. In summary, this
review endeavors to synthesize recent advancements in the surface functionalization of
MNPs, providing a holistic perspective on their potential to revolutionize scientific and
medical landscapes. Through analysis of strategies, outcomes, and applications, the aim is
not only to consolidate existing knowledge but also to identify new avenues for research
and innovation in this intriguing field.

2. Synthesis of Magnetic Nanoparticles

The synthesis of magnetic nanoparticles (MNPs) represents a pivotal starting point
in tailoring their properties for diverse applications. The field has witnessed a surge in
innovative approaches to engineer MNPs with precise control over size, shape, crystallinity,
and magnetic properties. While the MNP shape is not a main cause of oxidative stress that
leads to apoptosis, it plays a key role in cellular uptake. Controlling size and morphology
(shape, aspect ratio) can be achieved for most iron oxides (including FeOOH, Fe,Os3,
and Fe3Oy,), given their prime magnetic feature that makes them suitable, among others,
for magnetorheological fluids [13]. One strategy in this sense is to use size-controlling
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agents, which effectively also act as surface coating, like polyethyleneimine (PEI) [14].
A concise overview of the prominent synthesis methods and their influence on surface
functionalization will consider the chemical and physical methods described below.

The chemical synthesis route remains a cornerstone in producing MNPs with tunable
characteristics. Co-precipitation, a widely adopted method, involves the controlled precipi-
tation of metal salts in the presence of reducing agents or surfactants; for instance, a mixture
of cation precursors containing Fe?" and Fe3* in a stoichiometric ratio can be precipitated
with hydroxide (NH4;OH, NaOH) under a protective atmosphere to yield magnetite FezOy.
This approach yields monodisperse MNPs with controllable sizes, making it a popular
choice for subsequent functionalization. Similarly, thermal decomposition (polyol method)
involves the decomposition of metal precursors at elevated temperatures, facilitating the
formation of MNPs with narrow size distributions and high crystallinity, oftentimes allow-
ing additional tuning of shape (cubic, hexagonal, etc.) and size (very small NPs of a few
nm and very narrow PDI polydispersity index can be achieved through this route). These
chemically synthesized MNPs offer versatile platforms for surface functionalization due to
their well-defined surfaces and high crystallinity.

Physical methods, such as laser ablation and sputtering, have emerged as viable al-
ternatives for producing MNPs tuned for specific applications. Laser ablation involves
irradiating a target material with high-energy laser pulses, thereby inducing ablation and
condensation of nanoparticles. This technique allows for precise control over size and
composition, enabling tailored surface modifications. For instance, Franzel et al. reported
the synthesis of superparamagnetic MNPs consisting of Fe30,4 and Fe3C upon laser ablation
of an Fe foil in ethanol [15]. Superparamagnetism refers to the property exhibited by certain
nanoparticles, particularly magnetic nanoparticles, that do not have a permanent magnetic
moment but that can respond strongly to an external magnetic field, and it represents an
important characteristic for applications like targeted drug delivery and magnetic reso-
nance imaging (MRI). Further modification of the synthesis by altering reaction media
(water, organic solvents) affords variation in the composition of MNPs, including core—shell
structures of type iron—iron oxide, carbon coating, etc. Sputtering, on the other hand,
relies on the ejection of target material atoms by energetic ion bombardment. This yields
MNPs with minimal contamination suitable for subsequent surface engineering, like, for
instance, FeCo NPs of very high saturation magnetization (226 emu/g) or multifunctional
MNPs coated with PEG polyethylene glycol for improved solubility and enhanced biocom-
patibility [16]. Magnetization, as a core principle, refers to the property of a material to
become magnetized in the presence of an external magnetic field. In the case of MNPs, their
small size leads to unique magnetic behaviors. When subjected to an external magnetic
field, the magnetic moments of individual nanoparticles align with the field, resulting in
an overall magnetic polarization. This phenomenon is known as superparamagnetism.
The level of magnetization is influenced by factors such as the size of the nanoparticles
(sheer size, aspect ratio, shape, volume), their composition, and the strength of the applied
magnetic field. Understanding and manipulating magnetization properties is essential
in tailoring the behavior of magnetic nanoparticles for specific applications. The ability
to control magnetization allows for precise targeting of nanoparticles to specific anatomi-
cal sites in magnetic drug delivery. Biocompatibility refers to the ability of a material or
substance to function safely within a biological system without causing harm or adverse
reactions; in this context, MNPs should not elicit harmful responses from the body’s tissues
or immune system.

Biogenic synthesis has garnered attention for its eco-friendly approach and facile
surface functionalization potential. Utilizing microorganisms, plants, or their extracts,
this method harnesses the biological entities” inherent ability to reduce metal ions and
form MNPs. The resulting MNPs often exhibit unique surface functionalities due to
the biomolecules involved in their synthesis, thus opening avenues for surface modi-
fications [17]. Carvallo et al. reported the use of magnetotactic bacteria to synthesize
magnetosomes coated with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) or citric acid

100



Coatings 2023, 13,1772

for use in magnetic hyperthermia applications [9,17]; the MNPs coated with citric acid
showed a higher SAR-specific absorption rate and were thus better suited for biomedical
applications [17]. When IONs were synthesized by magnetotactic bacteria and were further
utilized to synthesize magnetosomes coated with citric acid or 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), the magnetosomes showed reduced magnetostatic interactions
compared to those in neat magnetosomes [17].

The influence of synthesis parameters on MNP surfaces cannot be understated. The
influence of the shape and size of MNPs on their MFH effect has been investigated recently,
concluding that specific synthesis parameters should be met in order to produce the highest
possible SAR and hence the desired effect in MFH; for instance, ellipsoidal NPs with the
highest SAR were found to be those of 10 nm (equatorial size) and an aspect ratio of 2 [18].
The choice of precursor materials, solvents, and reaction conditions significantly affects
the surface chemistry. Organic ligands or capping agents introduced during synthesis can
impart initial surface functionalities, setting the stage for subsequent modifications [19].
Temperature, reaction time, and precursor concentration also dictate MNP properties,
including surface energy and reactivity (Table 1). In a typical synthesis, Fe(II) and Fe(III)
precursors in a 1:2 molar ratio are added to a mixture of oleic acid (OA) and oleylamine
(OAm) in a round-bottom flask and then heated up to 300 °C (depending on the solvent
of choice, benzyl ether, dioctyl ether etc.), after which a dark brown solution is produced.
After cooling and washing (typically with ethanol, C;HsOH), stirring and/or sonication
with additional OA can successfully lead to the organic coating of MNPs, which can be
resuspended in organic solvents (hexane or higher alkanes). Additional heating may be
required, after which cooling and separation (usually by a permanent magnet) lead to the
final MNPs that can be dried or stored for further use. It is essential to carry out the co-
precipitation reaction under a protective inert gas atmosphere in order to avoid the further
oxidation of magnetite to hematite. Various modifications of the synthetic procedure are
found throughout the literature, but the core principles remain the same. Notably, detailed
procedures provide a reproducible method for the synthesis of magnetic nanoparticles,
ensuring consistent results for subsequent applications in various fields.

The synthesis of MNPs serves as the foundation for their subsequent surface function-
alization. Chemical, physical, and biogenic synthesis methods offer diverse avenues for
tailoring MNP characteristics, paving the way for precise and effective surface engineering.
Understanding the impact of synthesis parameters on surface properties is paramount for
devising successful surface functionalization strategies in magnetic resonance imaging
(MRI), drug delivery, and catalysis. A concise and brief overview of the synthesis methods
typically employed in MNPs’ synthesis is summarized in Table 1.

The surface properties of magnetic nanoparticles (MNPs) are intricately linked to
the synthesis parameters employed during their fabrication. These parameters include
reaction temperature, precursor concentrations, surfactant types, and reaction times. The
careful manipulation of these factors can yield MNPs with tailored surface characteristics,
influencing their behavior in diverse applications. For instance, studies by Lu et al. [20]
and Majidi et al. [21] systematically investigated the impact of reaction temperature on
MNP surface functionalization while also serving as comprehensive reviews on synthetic
methods of generating MNPs. The results demonstrated a notable increase in the density
of surface functional groups as the temperature was elevated from 100 °C to above 200 °C.
Moreover, reaction times have been shown to impact the size distribution and surface
roughness of MNPs [20].

Surfactant choice and concentration also exert significant control over MNP sur-
face properties; for instance, the use of oleic acid (OA) as a surfactant resulted in a
higher degree of surface coverage compared to other surfactants. The nature of the shell
(organic/inorganic, magnetic or non-magnetic) has an influence on its magnetic properties,
as the ligands can modify the anisotropy and magnetic moment of the metal atoms located
at the surface of the particles [20].
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Table 1. Synthetic overview of synthesis methods for MNPs and their main characteristics.

Synthesis Method

Description

Characterization Tools

Co-Precipitation

In this classic method, metal salts (FeCls, FeCl,)
are dissolved in a solvent (water, ethanol)
followed by the addition of reducing agents
(NaBHy4, NH3, NH,NH,). The reduction of
metal ions yields MNPs.

Transmission electron microscopy (TEM) and
X-ray diffraction (XRD) elucidate the core
structure of MNPs.

Organic metal precursors (iron pentacarbonyl)

Thermal are decomposed at elevated temperatures TEM and XRD reveal their size

Decomposition (200-300 °C) in organic solvents (oleic acid, oleyl  and crystallinity.
amine) to generate MINPs.

Water-in-oil microemulsions, containing
surfactants (CTAB) and co-surfactants (butanol,

Microemulsion hexanol), are employed to control MNP Dynamic light scattering (DLS) and UV-Vis
nucleation and growth. Iron salts (FeSO4) in the  spectroscopy monitor the reaction progress.
aqueous phase react with reducing agents
(NaBHy, hydrazine, etc.) to form MNPs.

Silica-coated MNPs are synthesized via
hydrolysis and condensation of silane precursors

Sol-Gel (TEOS) in the presence of MNPs. The resulting S}Eﬁ fsgi;:tci) Z’;Opy can attest for
silica shell stabilizes the MNPs and provides '
functional groups for subsequent modifications.

Continuous-flow microreactors facilitate

controlled nucleation and growth of MNPs by Inli . h
Microfluidics mixing iron precursors (Fe(acac)z) with reducing n-mne Spe.Ctr(?SCOpy monitors the

- reaction kinetics.

agents (hydrazine) under controlled

flow conditions.

Iron precursors (FeCls, Fe(acac)s) are

hydrothermally treated at elevated temperatures  Synthesis Scanning electron microscopy
Hydrothermal (150-300 °C) and pressures (10-100 atm) in a (SEM) and XRD confirm particle morphology

solvent (water, ethylene glycol, benzyl ether) to
yield crystalline MNPs.

and crystallinity.

Electrochemical Synthesis

Electrodeposition involves the reduction of iron
ions onto an electrode surface. Precursors (iron
salts) are dissolved in an electrolyte solution, and
an electric current is applied.

Electrochemical techniques monitor the
deposition process, while SEM reveals
surface morphology.

Ultrasound irradiation of metal salt solutions

The process is monitored by UV-Vis

Sonolysis (FeCl3) generates reactive species that reduce spectroscopy, while TEM elucidates their

metal ions to MNPs. morphology and size.

Irradiation of metal salt solutions (FeClz) with Size and composition are determined by
Radiolysis ionizing radiation (gamma rays, electron beams) TEM and inductively coupled plasma mass

induces the reduction of metal ions to MNPs. spectrometry (ICP-MS).

Energy-dispersive X-ray spectroscopy (EDS)

Biogenic Microorganisms (bacteria, fungi) or plant and Fourier-transform infrared spectroscopy
Synthesis extracts reduce metal ions (Fe®*) to MNPs. (FTIR) confirm the presence of biomolecules

on the MNP surface.

Furthermore, concentration gradients of precursor materials play a pivotal role in
dictating MNP surface composition, and oftentimes non-stoichiometric ratio is necessary
in order to obtain pure Fe3O4 (magnetite). These examples highlight the critical role of
quantitative data in elucidating the influence of synthesis parameters on MNP surfaces.
By employing advanced characterization techniques and systematically varying synthesis
conditions, researchers can precisely tailor MNP surface properties, opening avenues for
enhanced performance in applications ranging from drug delivery to catalysis.
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Regarding biogenic synthesis of magnetic nanoparticles, there are several potential
concerns associated with their further use in a clinical setting. These concerns primarily
revolve around safety, scalability, and regulatory approval. Biogenic synthesis relies on
living organisms to produce nanoparticles, which introduces variability in terms of par-
ticle size, shape, and surface properties, and hence may not always meet the stringent
standards required for clinical applications. Additionally, this type of synthesis can intro-
duce impurities or contaminants that could pose risks in a clinical context, particularly
if they include toxic substances or allergens. The use of biogenic synthesis methods may
require extensive regulatory approval processes to ensure safety and efficacy; therefore,
standardizing the synthesis process to meet regulatory standards can be challenging due
to the biological variability inherent in living organisms. Scalability and reproducibility
remain current challenges in order to meet clinical demand. The availability of specific
organisms and their growth conditions may limit the production capacity, and replicating
the exact conditions across different batches can be complex and oftentimes unpredictable.
In some cases, the organisms used in biogenic synthesis may be genetically modified or
engineered, which raises concerns about potential risks to the host organisms as well as
the potential release of genetically modified organisms into the environment. Even though
biogenic synthesis methods aim to produce NPs using biological entities, questions about
the biocompatibility and potential toxicity of the resulting nanoparticles may arise. It is
crucial to thoroughly evaluate the safety profile of biogenically synthesized nanoparticles
for clinical use. Ethical consideration about the use of living organisms for nanoparticle
synthesis also raises some issues related to the potential impact on ecosystems, especially if
they are genetically modified or rare species.

Lastly, biogenic synthesis may lead to nanoparticles with different stability profiles
compared to their chemically synthesized counterparts. Understanding the long-term
stability and storage conditions of biogenically synthesized nanoparticles is crucial for their
clinical viability. In conclusion, while the biogenic synthesis of magnetic nanoparticles
holds promise for various applications, including clinical ones, there are notable concerns
regarding safety, scalability, regulatory approval, and ethical considerations. Thorough
evaluation, standardization, and rigorous testing are essential steps in addressing these
concerns and advancing biogenic synthesis methods towards clinical applications [20,21].

These synthesis methods collectively offer a toolkit for tailoring MINPs with distinct
characteristics, laying the groundwork for subsequent surface functionalization. Character-
ization techniques such as TEM, XRD, FTIR, and spectroscopic methods provide critical
insights into their structural and surface properties, guiding the choice of surface mod-
ification strategies. The synthesis route serves as a pivotal bridge between MNPs’ core
composition and their surface chemistry, enabling a precise design for multimodal imaging,
drug delivery, and catalytic applications.

The novel functionalization strategies discussed in this paper represent significant
advancements over existing methods in terms of both efficiency and effectiveness, tackling
issues such as specificity, safety, biocompatibility, and clinical translation. In terms of
efficiency, these novel strategies enable highly precise targeting of specific cells or tissues.
This surpasses conventional methods, which often rely on passive accumulation through
the enhanced permeability and retention (EPR) effect. The new functionalization techniques
offer unprecedented control over drug release kinetics, surpassing traditional encapsulation
methods that may have limited control over release rates. Surface modifications in the
novel strategies also enhance catalytic activity through tailored active sites, surpassing
generic functionalization which may not optimize the catalytic potential.

In terms of effectiveness, the novel strategies greatly enhance therapeutic precision,
enabling drugs to be delivered precisely where they are needed. This is a significant im-
provement over traditional methods where off-target effects can be a concern. The new
functionalization techniques often lead to enhanced stability and longevity of the function-
alized nanoparticles, surpassing traditional coatings that may be less robust while also
affording the incorporation of multiple functionalities onto a single nanoparticle, allowing
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for synergistic effects [8,22,23]. Theranostics refers to combined therapy and diagnostics
and represents a class of technologies that combine therapeutic and diagnostic capabilities
in a single system. Notably, MNPs used in theranostics can both deliver a drug to a specific
site and also be imaged to monitor the drug’s distribution and therapeutic effects. This
strategy outperforms existing methods that may be limited to a single function, and it is
key to offering enhanced multifunctionality. In this context, MNPs are ideal candidates
in theranostic platforms. For instance, MRI-guided NPs have been utilized in combined
photodynamic therapy (PDT) and photothermal therapy (PTT), thus achieving chemical
exchange on the tumor and, respectively, localized thermal damage at the tumor level [8].
Additional strides have been made in order to overcome biologic barriers such as the
blood-brain barrier (BBB), and these consist of various functionalization of penetrating
NPs with CPP (cell-penetrating peptides) such as hydrophilic (cationic; TAT, penetratin,
R8), amphipathic (SynB, RGD, etc.) or hydrophobic (nonpolar, C105Y, PFV, Pep-7) [22]. An
ongoing trend is to utilize MNPs in cell membrane-based biomimetic nanosystems for per-
sonalized disease theranostics including oncology, bacterial infections, brain diseases, and
inflammatory diseases [23]. Theranostics exemplifies how the integration of multiple func-
tionalities in MNPs can lead to highly effective multifunctional platforms. By combining
targeted drug delivery with real-time imaging, researchers can develop personalized and
optimized treatment strategies for cancer patients, minimizing side effects and maximizing
therapeutic outcomes. This approach holds significant promise for the future of precision
medicine in oncology [22,23].

Important advancements have been made in terms of specificity, with stimuli-responsive
coatings in the novel strategies responding to specific cues in the microenvironment, thereby
offering highly specific imaging capabilities. “Stimuli-responsive” describes materials, coat-
ings, or systems that can change their properties or behavior in response to specific external
stimuli; in relation to MNPs, this could refer to coatings that change their structure or re-
lease properties in response to factors like pH, temperature, or light, among other factors.
Traditional contrast agents may lack this level of specificity. Meanwhile, recent strides often
incorporate coatings or ligands that enhance biocompatibility, reducing potential toxicity
concerns, which in turn surpasses older methods that may not have addressed biocompat-
ibility to the same extent. Finally, the many examples summarized in this review point to
their great promise in clinical applications, with many MNP systems undergoing clinical
trials, surpassing existing methods that may still be in the preclinical stage.

In summary, the novel functionalization strategies discussed in this paper demonstrate
superior efficiency and effectiveness compared to existing methods. They offer a range
of advantages, including enhanced precision, stability, multifunctionality, and improved
biocompatibility, and are poised to redefine various fields, from medicine to catalysis
and beyond.

3. Characterization Techniques

Characterizing the intricate surface modifications of magnetic nanoparticles (MNPs)
is paramount to comprehending their behavior and tailoring them for diverse applica-
tions [24]. This section describes the wide array of characterization techniques typically
utilized to unveil the subtle intricacies of surface functionalization (Table 2).

These techniques collectively decipher the intricate landscape of surface functional-
ization, illuminating the impact of modifications on MNPs’ physicochemical properties.
Rigorous application of these characterization tools and more advanced connected methods
can unveil the nuances of surface engineering, enabling the precise tailoring of MNPs for
specific applications in multimodal imaging, drug delivery, catalysis, and beyond [25].
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Table 2. Typical characterization tools used to describe functionalized MNPs.

Characterization Methods

Description

Transmission Electron Microscopy (TEM)

TEM offers high-resolution imaging, revealing MNP morphology,
size, and core-shell structures. Contrast variations highlight surface
coatings and confirm successful functionalization. Energy-dispersive
X-ray spectroscopy (EDS) coupled with TEM maps elemental
distribution across MNPs.

X-ray Photoelectron Spectroscopy (XPS)

XPS provides elemental composition information and oxidation states
of surface-functionalized MNPs. Binding energy shifts indicate
surface chemical interactions, validating ligand attachment or

shell formation.

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR identifies functional groups on MNPs’ surfaces through
vibrational spectra. Shifts in or the appearance of peaks confirm
ligand exchange or coating formation. Attenuated total reflection
(ATR) FTIR enables the analysis of solid MNPs.

Dynamic Light Scattering (DLS)

DLS evaluates the hydrodynamic size and dispersity of
surface-functionalized MNPs in solution. Changes in size or
dispersity after functionalization reflect coating stability and
influence on hydrodynamic behavior.

Zeta Potential Analysis

Zeta potential quantifies surface charge of MNDPs, revealing
electrostatic interactions between functional coatings and the
surrounding medium. Zeta potential changes indicate successful
charge modification.

Nuclear Magnetic Resonance (NMR)

Solution-state NMR elucidates surface functional groups and
molecular dynamics. Ligand exchange or bioconjugation is confirmed
by chemical shift changes or the appearance of new peaks.

UV-Visible Spectroscopy:

UV-Vis spectroscopy reveals ligand-specific absorbance, confirming
functionalization. Shifts in absorption bands indicate changes in the
electronic environment due to surface engineering.

Scanning Electron Microscopy (SEM)

SEM provides topographical information on MNP surfaces.
Microstructural changes due to functionalization, such as shell
formation or aggregation, are discerned.

Magnetic Measurements

Superconducting quantum interference device (SQUID)
magnetometry quantifies magnetic behavior, confirming core-shell
architecture and magnetic moments of surface-functionalized MNPs.

X-ray Diffraction (XRD)

XRD verifies MNP crystallinity and phase changes due to
functionalization. Shifts in or broadening of diffraction peaks indicate
surface modifications or encapsulation.

4. Surface Functionalization Strategies

Surface functionalization of magnetic nanoparticles (MNPs) constitutes a transfor-
mative approach, enabling tailored modifications that unlock their potential in diverse
applications. This section expands on the array of surface functionalization strategies,
elucidating their principles, advantages, and outcomes in MR imaging, drug delivery, and
catalysis as some of the main applications of surface-functionalized MNPs. Below is a table
summarizing the most widespread methods used to functionalize MNPs, according to
their type of coating (organic, inorganic), specific precursors, and materials used, and the
suitable characterization methods (Table 3).
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Table 3. Summary of functionalization strategies for MNPs.

Type of
Functionalization

Precursors/Materials and
Short Description of Method

Observations

Characterization
Techniques

Organic Coatings

Organic ligands, such as citrate,
polyethylene glycol (PEG), or
polymers, are grafted onto
MNPs’ surfaces through
covalent or

non-covalent interactions.

This imparts colloidal stability,
biocompatibility, and modulates
surface charge. The enhanced
dispersibility of MNPs in
biological media facilitates their
utilization in drug delivery and
targeted imaging.

Dynamic light scattering
(DLS) and zeta potential
measurements verify the
stability and

charge modification.

Inorganic Shells

MNPs are encapsulated within
inorganic materials like silica,
gold, or metal oxides. These
shells enhance stability, protect
MNPs from degradation, and
enable bioconjugation. For
instance, core—shell Fe;0, /Pt
MNPs have been obtained via
silylation/polymerization [26].

Silica-coated MNPs, for
instance, offer a platform for
versatile surface
functionalization and controlled
drug release.

Transmission electron
microscopy (TEM) and X-ray
photoelectron spectroscopy
(XPS) confirm shell formation.

The exchange of native surface
ligands with functional

This strategy enables targeted
drug delivery through the

Fourier-transform infrared

Ligand Exchange molecules (amines, thiols) conjugation of targeting ligands  spectroscopy (FTIR) confirms
allows for precise control over or the attachment of successful ligand exchange.
MNP properties. therapeutic payloads.
MNP surface functionalization DNA—functlonahzed MNPs, for .
. instance, enable programmable  Gel electrophoresis and
can exploit the self-assembly of . . . .
Self-Assembly . interactions, leading to fluorescence assays validate
molecules (DNA, peptides) onto controlled aggregation self-assembl
the MNP surface. . 8818 ¥
or dispersal.
MNPS are Con]uga?ted Wlth Antibody-conjugated MNPs Enzyme-linked
biomolecules (antibodies, .. .
. . . . . offer exquisite cellular or immunosorbent assays
Bioconjugation peptides) through affinity L . .
: . 9 o molecular targeting in imaging  (ELISA) confirm successful
interactions, yielding specific ) . . .
. s and drug delivery. bioconjugation.
targeting capabilities.
Bioorthogonal reactions (click éifii?ril_ﬁgﬁ fl;é[cll\TPs react Copper-catalyzed or
Click Chemistry chemistry) facilitate specific and Y copper-free click reactions

robust surface functionalization.

molecules, yielding stable and
versatile conjugates.

validate successful coupling.

Layer-by-Layer Assembly

Sequential deposition of
polyelectrolyte layers onto
MNPs yields multifunctional
coatings.

This approach enables the
controlled release and
modulated surface charges.

Quartz crystal microbalance
(QCM) and UV-Vis
spectroscopy monitor
layer-by-layer assembly.

Responsive Polymers

Stimuli-responsive polymers
(pH, temperature) can be
grafted onto MNP surfaces,
facilitating controlled drug
release in specific
microenvironments [27].

Suitable for controlled
drug release

The swelling behavior of
polymers is probed using
dynamic light scattering (DLS)
and turbidimetry.

Host-Guest Systems

Cyclodextrins or cucurbiturils
form host—guest complexes
with molecules on MNP
surfaces, enhancing stability
and enabling controlled release.

Suitable for controlled
drug release

Nuclear magnetic resonance
(NMR) and UV-Vis
spectroscopy

The surface functionalization of magnetic nanoparticles (MNPs) is a pivotal step that
imparts them with specific functionalities, thereby enabling their use in diverse applications.
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Several strategies have emerged, each with distinct advantages and limitations. Inorganic
shells, for instance, exhibit enhanced stability and offer tunable properties by varying the
composition and thickness of the inorganic shell. However, their synthesis can involve
multi-step processes and requires precise control over reaction conditions, which can be
more complex compared to other strategies, and there is a potential for core—shell mismatch,
which can make seamless integration challenging. The ligand exchange variant allows for
versatility due to the wide range of ligands available and can be carried out under mild
conditions, thus minimizing the potential damage to the magnetic core. On the downside,
the stability can be limited, as ligands might detach over time, and thus specific control
over shell thickness can be challenging.

These strategies underscore the transformative impact of surface functionalization,
enabling MNPs to transcend their innate capabilities. Characterization techniques like
TEM, FTIR, and spectroscopy play a pivotal role in verifying successful functionalization,
guiding the design of MINPs tailored to specific applications. As we delve further into this
review, we explore the role of these strategies in enhancing multimodal imaging, drug
delivery, and catalysis, illuminating the dynamic interplay between surface engineering
and diverse applications.

5. Surface Functionalization for Drug Delivery

The strategic surface functionalization of magnetic nanoparticles (MNPs) has revolu-
tionized drug delivery, enabling precise and efficient therapeutic interventions. This section
delves into the multifaceted enhancements brought about by surface engineering, including
controlled drug release, targeted delivery, and overcoming biological and histohematic
barriers [22]. Responsive and targeted drug delivery based on MNPs (magnetite Fe;O4
mainly) coated with polymers and biopolymers [28], biomolecules or macromolecules
(5-fluorouracil (5-FU), oxaliplatin, and irinotecan), can be successfully used for the treat-
ment of various types of cancer, such as in colorectal cancer therapy [29]. A brief timeline
overview starting from the SiO, coating of magnetite in 1985 is depicted in Figure 2 [29].
Inorganic shells such as SiO; (silica) still remain one of the preferred surface functional-
ization routes, especially for MNPs like y-Fe3O4 [30]. Recent advances in nanoscience
greatly benefit from the introduction of NPs and magnetic iron oxide nanoparticles in
particular, owing to their unique set of properties and many advantageous biomedical
applications [31], extending their use to stem cell biotechnology [32].

Various polymers have been employed for coating inorganic NPs (such as a Pt
shell [26]), and MNPs in particular, such as hydrophilic polymers (like functional polyaspar-
tamide [33]) that help them achieve water-solubility. Moreover, the stability of magnetite
NPs obtained by Massart synthesis (co-precipitation of Fe(lI) and Fe(Ill) precursors) was
studied by Klekotka et al. [34], including their surface-functionalized counterparts, specifi-
cally SiO;-covered Fe3Oy4 (SiO,@Fe30y4) or magnetite grown on pre-formed FezOy4 seeds
(Fe304@Fe30y) in polyol synthesis using oleyl amine/oleic acid as stabilizers and surface
protection agents [34]. An overview of the main research direction currently being taken by
the research community is given in Figure 3.

Surface modifications offer unprecedented control over drug release kinetics. Drug-
loaded MNPs encapsulated within stimuli-responsive polymers (pH, temperature) exhibit
on-demand drug release triggered by specific microenvironment cues [27]. The rate and
extent of drug release are characterized using in vitro release assays. Surface-functionalized
MNPs offer unparalleled targeting precision. The conjugation of targeting ligands (antibod-
ies, peptides) guides MNPs to specific cell receptors or tissues, minimizing off-target effects.
In vitro cell binding assays and in vivo biodistribution studies validate targeted delivery
efficiency. Biodistribution refers to how a substance, like a nanoparticle, is distributed
throughout the body, and this encompasses where the substance moves, how much of it
accumulates in different tissues or organs, and how long it stays there.
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Figure 2. The timeline of magnetic nanoparticles in therapeutic and imaging application. Reprinted
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Figure 3. Representative research direction in functionalized magnetic nanoparticles.
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Tissue engineering and regeneration has been shown to be possible by Chitosan
(CS)-based NP formulations, including CS/ferromagnetic scaffolds, owing to the efficient
interaction of -NH; groups (CS) with the MNPs’ polymeric coating [35]. Such effective
CS-coating of the magnetite magnetic core also prevents further oxidation of magnetite
Fe30O4 to hematite Fe,O3. Biomedical applications of MPNs and SPIONS in particular have
been recently reviewed by Jiang et al. related to their synthesis, in vivo protein detection,
magnetic heating/MFH [36], and in vivo imaging and drug delivery [1]. Treatment of
degenerative diseases can potentially be modulated by Wnt signaling and has inspired
Hu et al. to immobilize Wnt fragment peptides on MNPs with promising results on human
embryonic kidney (HEK293) Luc-TCF/LEF reporter cell line [37].

Surface engineering influences cellular uptake mechanisms, thereby enhancing drug
internalization. Ligand-decorated MNPs undergo receptor-mediated endocytosis, improv-
ing drug delivery to intracellular compartments. Confocal microscopy and flow cytometry
quantify enhanced cellular uptake. Surface-engineered MNPs enable intracellular drug
delivery. Cell-penetrating peptides facilitate direct entry into cells, bypassing endocytotic
pathways. Intracellular imaging and drug efficacy assays validate efficient intracellular
drug delivery. These surface modifications enable MNPs to traverse biological barriers [22].
Stealth coatings (PEG) reduce opsonization, prolonging blood circulation, and enable pas-
sive accumulation in tumor tissues via the enhanced permeability and retention (EPR) effect.
Pharmacokinetic studies and tumor accumulation assays validate EPR-driven delivery.

Surface functionalization permits the simultaneous loading of multiple drugs onto
MNPs. Conjugation of distinct drug molecules or payloads enables combination therapy,
targeting multiple pathways simultaneously. In vitro cytotoxicity assays elucidate syner-
gistic therapeutic effects. Surface-functionalized MNPs facilitate personalized medicine
approaches. Patient-specific targeting ligands enable tailored drug delivery, minimizing
adverse effects and enhancing therapeutic outcomes. Genomic and proteomic profiling
guide the design of personalized MNPs, while biomimetic approaches [14] enhance the
outcome in various diseases such as brain cancer and inflammatory and bacterial infec-
tions [23]. Biomimetic NPs can also be used as cost- and time-effective magnetic biosensors,
and they can concentrate Gram-positive and Gram-negative microorganisms for easier
bacterial detection to concentrations as low as 10 CFU/mL using qPCR [14].

MNPs equipped with responsive coatings release drugs in response to external stimuli
(magnetic field, light) [27,38]. Magnetic hyperthermia-triggered drug release exploits
localized heating induced by alternating magnetic fields. Temperature measurements
validate controlled release [5,9,17,39,40]. Dual-functional MNPs merge drug delivery with
therapeutic modalities. The conjugation of chemotherapeutic drugs with photosensitizers
or gene therapy agents [41] offers synergistic treatment approaches. Cell viability assays
and in vivo tumor regression studies demonstrate combination therapy efficacy.

Surface-functionalized MNPs have entered clinical trials, demonstrating promise in
cancer therapy and beyond. The translation of these advanced platforms from preclinical
studies to clinical practice requires rigorous safety assessments, optimization of targeting
strategies, and scalable production techniques. While base nanoparticles pose several
potential shortcomings and toxicity-related issues, functionalized NPs alleviate many of the
main downsides preventing the use of MNP-based nanoplatforms: reactive oxygen species
(ROS) generation, targeted delivery, and biodegradation. For instance, conjugated polymer
nanoparticles (CPNs) modified with dopants (like iron oxide) behave as theranostic agents
with prospects for multifunctionality in imaging and treatment [42]. Arias-Ramos et al. syn-
thesized by nanoprecipitation conjugated polymer nanoparticles CPNs based on 2 nm-thick
oleic acid-caped MNPs (NiFe;O4, Fe304 of ~5 nm) and fluorescent conjugated polymer (CP)
poly(9,9-dioctylfluorene-alt-benzothiadiazole, FSBT) or polystyrene grafted with ethylene
oxide functionalized with carboxyl groups (PS-EG-COOH), with good results towards
glioblastoma (GBM, a common tumor of the central nervous system) using light delivery
to the brain tissue by means of fiber optics [42].
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Simulations using quantum chemistry (DFT) have also been performed, for instance
on the system of tirapazamine (TPZ, anticancer drug) and the magnetic nanoparticle
(MNP) Feg(OH)15(H»O)g, where the interaction between the MNP and TPZ was shown to
be facilitated by intraring N-atom, -NHj, and -NO groups present in the TPZ molecule,
concluding that interaction energetics via the first two are more accessible than via the -NO
moiety [43]. There were two envisioned pathways for the covalent binding of TPX onto
MNPs via their surface -OH hydroxyl groups (Figure 4).
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Figure 4. TPZ-MNPs binding via -NH; or -NO mechanisms.

Other functionalization strategies focused on the polymer coating of magnetite NPs
by atom transfer radical polymerization (ATRP) in order to yield magnetic functionalized
supports of the general formula Fe;0,@MSN-PDMAEMA-FA of ~180 nm to be used for
Dox (doxorubicin) drug loading Dox@Fe30,@MSN-PDMAEMA (-FA). These drug delivery
systems were tested against breast cancer cells (MCF-7) and resistant cancer cells (MCF-7
ADR) [44]. Beagan et al. used magnetic mesoporous silica nanoparticles (MMSNs) coated
with pH-responsive polymer 2-Diethyl amino ethyl methacrylate (DEAEMA) grafted
by surface-initiated ARGET atom transfer radical polymerization (ATRP); these surface-
functionalized MMSNs were further modified by anionic groups’ functionalities that
would then covalently bind FA (folic acid) as a targeting agent [44]. The functionalization
strategy used is shown in Figure 5, and afforded long-circulation time for the smart drug
delivery system.

FeCl, + FeCl, + . CTAB + NH,OH
H,0 + NH,OH Hexane + TEOS

FE304 NPS in Hzo

- v
1) APTES in toluene | <@
2) BIBB+Et;NinDCM & ¢ <

NH,OH

DEAEMA + CuBr, + Bipy

& Y- 5
", ./
e .x\_ L/'

+ ascorbic acid \’ ®
in ethanol/waterat 25 °C
QG4

Fe;0, @MSN-PDEAEMA-FA Fe,0, @MSN-PDEAEMA Fe;0; @MSN-Br

Figure 5. Synthesis procedure for poly(2-(diethylamino) ethylmethacrylate) brushes capped with
folic acid grafted on magnetic mesoporous silica nanoparticle (MMSNs) surfaces via SI-ARGET
ATRP [44].

The functionalization strategy outlined in Figure 5, involving the synthesis of poly(2-
(diethylamino) ethylmethacrylate) (PDEAEMA) brushes capped with folic acid grafted
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on magnetic mesoporous silica nanoparticles (MMSNSs) surfaces via SI-ARGET ATRP,
offers several distinct advantages related to tailored surface functionality, grafting den-
sity, enhanced biocompatibility, specific targeting via folic acid, combined magnetic and
mesoporous features, and potential for imaging applications. The use of surface-initiated
atom transfer radical polymerization (SI-ARGET ATRP) enables precise control over the
grafting process, allowing for customization of the surface with PDEAEMA brushes and
folic acid, thereby providing tailored surface functionality. SIFARGET ATRP is known for
its ability to achieve high grafting densities, ensuring a densely packed layer of PDEAEMA
brushes on the MMSN s surface. The incorporation of PDEAEMA brushes enhances the
biocompatibility of the MMSNs. PDEAEMA is a pH-responsive polymer that becomes
protonated under acidic conditions, mimicking the slightly acidic environment of cancer
cells, and this property can aid in the selective targeting of cancer cells. More specifically,
in an acidic environment, such as within the endosomes or lysosomes of cancer cells, the
PDEAEMA brushes undergo protonation, leading to swelling and the subsequent release of
encapsulated drugs. Through further conjugation via folic acid, this strategy targets cancer
cells due to its high affinity for folate receptors, which are overexpressed on the surface
of many cancer cells. The presence of folic acid on the MMSNSs’ surface ensures specific
binding and uptake by cancer cells, maximizing therapeutic efficacy [44]. The MMSNs pos-
sess both magnetic properties and a mesoporous structure, thereby allowing for magnetic
guidance to target sites, and provide a high surface area for drug loading, thus enabling
multifunctional drug delivery platforms. Furthermore, the magnetic properties of MMSNs
offer the potential for imaging applications, such as magnetic resonance imaging (MRI).
This dual functionality allows for theranostic applications, where therapy and imaging are
integrated into a single platform, making this approach highly promising for targeted drug
delivery in cancer therapy.

Magnetic nanoplatforms are currently enhanced by loading with enzymes, affording
easier recovery and reutilization as well as improved stability and catalytic activity [45].
Belleti et al. synthesized hybrid Au/Fe304 NPs of ~15 nm mean diameter using L-cysteine
(Cys) as the polymer capping agent or dithiol-terminated polyethylene glycol (PEG(SH),),
yielding NPs of type PEG(SH), Au/F304NPs or CysAu/F304NPs [46]. These nanoparticle
systems were further conjugated with luciferase enzymes able to catalyze bioluminescent
reactions (Pyrearinus termitilluminans green-emitting click beetle luciferase, PyLuc and
Phrixotrix hirtus red-emitting railroad worm luciferase, RELuc). A brief overview of the
current landscape in MNP coating and functionalization is given in Table 4.

Table 4. Functionalization of various types of MNPs with main applicability in drug delivery.

Characterization

NP Type Coating Agent Active Agent Methods Activity Obs. Ref.
Cglr‘](‘;g;_ted polymer  1yy.yis, DLS, TEM,
}cjlio}c]t iﬂuorene-alt- MRI evaluation, Theranostic agents
benz(}JIthia diazole cytotoxicity in vitro with prospects for
NiFe, Oy, Fe304 of Oleic acid coating F8BT) or polyst r’ o (U-87 MG and T98G Glioblastoma (GBM); multifunctionality in [42]
~5nm (2 nm) rafte;wPi)t(;'lyest}? lee nee cells, MTT MR imaging (MRI) imaging and
gxi de functional?ze d and Live/Dead cell treatment; preclinical
with carboxvl grotps viability assays), MRI studies
(PS—EG-COgHg) P fluorescence imaging
magnetic nanoparticle Tirapazamine (TPZ,)  DEFT stud Anticancer (not grt;lagrixm(li\lrnagtgg [43]
Feo(OH)15(H20)s P ’ Y evaluated) N, '
Fe30,@MSN- SEM, TEM, FTIR, Anticancer (MCF-7 Excellent
PDMAEMA-FA MSN-PDMAEMA-FA  DOX (doxorubicin) surface area, TGA, o IC\,[C;; ADR cclls)  Diocompatibility, [44]
(~180 nm) XPS, UV, DLS a €18) " minimally toxicity
L-cysteine (Cys); o .
Au/Fe304 NPs dithiol-terminated . FTIR’ FESEM, Enzymatic activity, 48% activity
- Luciferase (enzyme) luminescence, ! 2l preservation in case of ~ [46]
(15 nm diameter) polyethylene glycol . . luminescence activity
(PEG(SH),) bioluminescence CysAuNPMag
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Table 4. Cont.

NP Type Coating Agent Active Agent g/[l:;;ei)csesrlzatlon Activity Obs. Ref.
Superparamagnetic SPIONs@citrate TEM, Mka)glnetic Arfltlicancer; ] Magnetic dﬁlivery of
. (52-58 nm susceptibility, infiltration of SPIONs immune cells
glzrrlg)):iiecles Citrate coating hydrodynamic Z size) hydrodynamic into primary human (dynamic [47]
(SPIOPI)\I ) loaded into human T Z-average size, zeta CD3+ T cells regime)—potential
s cells (27 or 80 pg/mL) potential (1,4 pg Fe/cell)) future application
Oolyol synthesis from MR, Ty -imaging, Z\lgatta(;ggss&ir:rilble NP
maghemite (y-Fe;O3), Fe(anc)y and TIONPs@DEG obtained TEM. XPS. XRD T»-imaging (high T = 190°. 220° and
magnetite (Fe;04) dieth le;e lycol with continuous ma I’1etiza,tion ' relaxivities 235°C (}’1i her T leads (48]
109 + 1.6 nm y gy growth method & 7:163.4 mM~1s71, gher -
(DEG) £1+135.0 mM-1s-1) to agglomeration);
1299 high wt% C (XPS)
Magnetosomes with
biological magnetite Amph icin B, AmB hflfgh enca psul(aitgm
nanoparticles (BMs) mp otericin B, Am Controlled drug criciencies and drug
by magnetotact ! Glutaraldehyde GA, (to yield rel magnet: loadings (0.1%o. PLL:
ymagnetotactic - o]y L-lysine PLL BM-PLL-AmB and TEM, FTIR ¢ case, magnerc 52.7%, and 25.3 mg [49]
bacteria Magnetovibrio (linking reagents) BM-PLI-GA_AmB hyperthermia (in PBS or 100 me: while
blakemorei strain g reag . media) p 19 PLLg, A 12.5%:
MV-1T conjugates) 0.1 %o -G .5%:
45.0%, 21.6 mg per
100 mg)
Chitosan CS coating
Telmisartan (TEL), validated by FTIR and
yielding FTIR, TGA, XRD, TGA data. Grafting
MNP-CS-TEL TEL is FE-SEM (field Anti d TEL, a poorly soluble
. an angiotensin II emission scanning nticancer drug drug, on the
Magnetic receptor blocker electron microscope) therapy, as carriers of surface-coated of
nanoparticles (MNPs) Chitosan (CS) ( ARg) treatine hich TEM. VSM (VibraFin ! Telmisartan (TEL); MNPs (MNP-CS) b [50]
of Fe;0y4 4 & Mg 4 g tested against PC-3 . Y
blood pressure, heart sample amide bond between
failure, diabetic magnetometer), BET human prostate cancer amino groups of
kidney disease, surface area analyzer chitosan CS and
and cancer carboxylic groups
of TEL
. Environmental Proteolytic hydrolysis
Magnetic scanning electron (amide bond breaking)
nanoparticles microscg (ESEM) in presence of 5
(maghemite NPs) on Silanization by means Protein padding of ener dizyersive ’ Drue delivery and cat}ljm <in B- protease
anodic alumina of (3-aminopropyl) albumin-fluorescein 8y CIsp rug ae y P prot
. . . . X X-ray (EDX); FTIR biosensing (growth and initial [51]
nanotubes, to give triethoxysilane isothiocyanate (ATR), C-potential applications stages of tumor
magnetic anodic (3-APTES, 99%) conjugate (FITC-BSA) dvn. - ? ht ! PP % tasis), releasin
alumina nanotubes ynamic I%DLS . TEM ;]ne astasts ,fre casing
(MAANTSs) scattering ( ); s uorescent _ragments
fluorescence of the protein
Functionalization with . Lo .
c ) ) Sulfonated Arene Catalysis (ar}lonlc Coyalent linkage of an
obalt Carbon-coating, yields Derivatives via FTIR, SEM, elemental ROP of glycidol), or in situ generated [52]
Nanoparticles CCo nanoparticles aqueous in situ analysis recyclable diazonium on the
queous ir . anticoagulant graphene-like surface
diazotization reaction
Mesoporous silica pH-sensitive
. (SBA-15), To yield PEI FTIR, TGA, XRD, Targeted delivery to mesoporous magnetic
Fe;O, nanoparticles fted Doxorubicin (DOX VSM, SEM, EDX MCF-7 cell line (b dbi ibl 53
(MNPs) grafte ) oxorubicin ( ) /! , , -7 cell line (breast  an 10c9mpa}1 e [53]
Fe;0,@Si0,@SBA-15 UV-Vis cancer) nanocarrier, high
labeled FA internalization
Si0,-NH; coating, Biomedicine and Cflfmdehemlslhzt
alkyne surface XRD, FTIR, TEM catalysis —conversion ]ajog dirs1 C%\;?xieen
functionalization to . . . ’ e of glycerol into DHA; . &
X . Azide-functionalized SEM, immobilization . azide and alkyne
Fe30y4 yield magnetic E. Coli ield (Y), activit Tested against oups: [54]
nanoparticle ’ y ! y recombinant E. coli groups; .
. recovery (E), . immobilization yield
Fe;0,@Si0O,-NH,- harboring glycerol 83%, activity
alkyne dehydrogenase recovery 94%
Colloidal stability,
(Gégg)tii;nee don II?IES—T?E_I\P/)[(,)t(Zr)\%Ek/L NPs were found to not
. pp . SEM, EDX, FTIR, Biomedical be toxic at typically
Au/Fe hybrid gold-magnetic- - Photoluminescence applications used concentrations (53]
iron-oxide NPs e
(PL) excitation and (1.5 ng/mL)

(Au-Mag-GSH)

emission spectra,
cytotoxicity
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Table 4. Cont.

NP Type Coating Agent Active Agent g/[l:;;ei)csesrlzatlon Activity Obs. Ref.
Branched Superparamagnetic
polyethylepelmme SEM-EDS, TEM, XRD, Ca'ncer treatment: nano-rods tested

. (BPEI) to yield glioblastoma brain .

Superparamagnetic PEl-coated FesO4 Carnosine dipeptide FT-IR, TGA, GC-MS, tumors (GBM); against U87 human

iron oxide nano-rods nano-rods; ° (B-alanine and DLS, zeta potential, inhibition of 4 glioblastoma [56]

(IONRs) based on c clohexar,1e layer L-histidine) magnetic properties ost-surcer astrocytoma cell line.

magnetite }; nts NP Y (by whole body 1.5 T Eq tast gl . }Ii/[RI Carnosine was fully
prevents s MRI system) clastasis; released by mild
oxidation during monitoring h . °

. yperthermia (40 °C)
synthesis
Synthesis of Ag-
doped Ni ferrite
nanoparticle; PEG was
Agx)NixFe; Oy F;é}é;thylene glycol Curcumin ")F(]IE{I\?[, fl?]\l/z[, E[SJEVR—/I\,AS Drug delivery used as a solvent [57]
’ ’ during synthesis;
curcumin loading was
pH-dependent
No Immobilized metal BSA binding fitted
. 5 . N . DLS, FT-IR, TEM, affinity Langmuir isotherm;
NiFe;Oy4 (~5 nm) Isé‘e-f;;gccltlonahzatlon Serum albumin (BSA) SAED chromatography of high capacity 916 mg [58]
u proteins (IMAC) BSA/g dried NPs
Polymers: TEM, TGA/DSC, DLS Protein corona
Poly(Zl-.et};y(ll;IZE—tOZ)' Isothermal Titration forlm(azt_lolrll( 011_12_
pxazoine ! Opsonins and Calorimetry, Biomedical poyle-arky

SPIONs Poly(2-ethyl-2- M oxazoline)-grafted [59]
oxazoline-co-2- Albumin ProtParam tool applications SPTONs depends on
isopropyl-2-oxazoline) (Computation of rotein sizf flexibilit

Propy’ Protein Properties) p ! ¥
(PEtIOZ) and charge
MNPs ba§ed O? o Strep .tav1d.1 o Ohggnuclgohde- Fluorescence, AC Circle-to-circle Newcastle disease
commercial 75%-80% functionalized, functionalized et e , 3
: . o o Susceptibility amplification (C2CA) virus and Salmonella [60]

(w/w) Fe;Oy4 encapsulation with (stability test 92% after diagnostic as target sequences

(diameter 100 nm) hydroxyethyl starch 3 months at 4 °C) 8 getseq
PEG/neridronate with Improved colloidal
PEG of 2000 or TEM, SAED, EDX, Antioxidant, MRI stability in PBS,

y—Fe203 /CeOz . . .

. 5000 Da, producing EELS, DLS, tracing (high r, enhanced
Maghemite(seeds)/ - O ¢ . . e [61]
K ide MNP v-Fe; 03 /CeO,@- relaxometry, relaxivity); theranostic biocompatibility;
certum oxide s PEGy and y- fluorescence platform CeO,—radical
Fep, O3/ CeO,@PEGs) scavenger
MNPs synthesized by
co-precipitation/
Oleic acid (OA), silica microemulsion
(TEOS), cationic method;
iigﬁ;;ﬁff}llﬂ{de. TEM, XRD, FTIR, Antibacterial (Shigella SSZ?\Zlé%ﬁ%P(NIPAM_

iron oxide Fe; Oy co-(3- Vancomycin (Van) TGA, SEM’ DLS, ' boydii, Bacillus cereus, Vancomycin (Van) [62]

MNPs . Y T Staphylococcus aureus Y
acrylamidopropyl) magnetization curves and Escherichia coli) creates stronger
trimethylammonium H-bonding between
chloride], P(NIPAm- Van and C-Terminal
co-AMPTMA) L-lysyl-D-alanyl-D-

alanine
of bacteria
TEM, XRD, “pherical cuboidl

Superparamagnetic Electrophoretic (g AR )’ - rod-lik

Iron Oxide HAD/OA ratio _ mobility Hyperthermia (MH, h "faxff.() . Ot MFI?I 63]

Nanoparticle SPIONs changes MNPs shape measurements, MFH) (SrtatI?)94; o ICC 1?;1 60's

(Fe30y4, 40 nm size) magnetization, 20 kA/m ’ .

SAR/hyperthermia 136-205 kHz)
Configurations
optimized at

iron oxide 5-aminolevulinic acid Computational . optimized at .

nanoparticle (ION) - (ALA) study/quantum Anticancer therapy B3LYP/6-31G(d,p) in [64]

chemistry aq. solution;
H-bonding plays a
central role

Fluorescence, Forster Dehydropeptide-

MNPs manganese Citrate-stabilized resonance energy based supramolecular

ferrite (Mane 0s) (144 £+ 2.6 nm), Doxorubicin (Dox) transfer (FRET), Drug delivery/release; ~ magnetogels; [65]

spinel struct uzre i lipid-coated STEM, XRD, Raman, theranostic improved drug release

P (8.9 + 2.1 nm) SQUID, rheology, of lipid-coated vs.
UV-Vis, hyperthermia citrate-coated MNPs
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NP Type Coating Agent Active Agent g/[l:;;ei)csesrlzatlon Activity Obs. Ref.
, -
The first report of . y'-FesN have 3 times
'-Fe4N (prepared b surface-modified iron Envisioned higher saturation
Y '4t ) dpt' p £ y itrides: PPMS (Ms, Hc), XRD, biomedical magnetizations than
gas mitridation from nprces; - TEM, DLS, FTIR, applications (DNA, IONPs (Hc =3100e,  [66]
commercial y-Fe; O3, o'-Fe16NyZ;_y, and . )
20 nm) o FeaNLZ1 - by wet seta-potential protein or drug Ms (15 kOe) =
8 \x&1-x, DY delivery) 182.7 emu/g;
ball milling y &
Mg =45 emu/g)
Chitosan (Cs), . 99-120mg SIL/g
Fe:O. with/without silica; Silymarin (SIL) Cytotoxicity tests aDrfgcgaiElel:ery functionalized MNPs 1671
3t Cs-£-Si0,@Fe30,, Y (MCF-7, MTT assay) toxidant (Folin-Ciocalteu
Cs-f-Fe304 antioxidant, method)
Toxin:
dianthin-epidermal ﬁg?\grflgtlscrlnent in tumor
growth factor Enzymatic Activity, cell evtotoxicit
SPION APTES Modification ~ (DiaEGF) or TEM, DLS, DSC, In Targeted tumor PG (651
(SPION@APTES) endosomal escape Vitro Cytotoxicity, therapy, drug delivery 5. eci ficig . steric
enhancers (EEE), Relaxivity pectl t}.l’ A
stabilization inhibits
glycosylated agglomeration
triterpenoids SO1861 88
Functionalized
graphene oxide
(acylated, G-COCl), Nilotinib 400 mg,
polylactic acid, super paramagnetic
polyvinyl alcohol, particles 0.01 g and
polyethylene glycol, Nilotinib (Tasigna™, UV-Vis, FTIR total MFGO mass
MNPs and nilotin'ib (second medication for chronic FT—i\Ht?I/R VSM SEM Drug delivery 0.1g) were kept [69]
layer), sodium myelogenous TEM TG, A ’ ’ constant in all
alginate, polyethylene  leukemia) ’ samples. Faster drug
glycol, poly release at acidic pH 3
(lactic-co-glycolic (24 h) vs. slightly basic
acid), polylactic acid pH7.4 (48 h).
and nilotinib gel
(third layer)
[166H0] Fe3O4@Au
NPs (150 nm)
SPION{S, 1%Ho doped Au layer coating Monoclonal antibody TEM, T'GA, ) Multimodal cancer :;’Ifg;gsagggfh Tmab [70]
iron oxide trastuzumab (Tmab) cytotoxicity studies therapy .
receptors. Cytotoxic
effect toward SKOV-3
ovarian cancer cells.
hydrogen bonding
Silica coating, a between the surface
multistep bonded
synthesis, activated carbohydrate and
NP couples a TLC (thin-layer nucleic acid targets
triethylene glycol chromatography), (NpFeSilm-
MNPs (Fe;03, ~15nm,  spaced glycosyl _ ATR FTIR, TG-DTA, Nucleic acid (NA) Sugar/DNA complex) i71]
29 emu/g) imidazole; silyl TEM, SEM, EDX, XRD, extraction to ensure nucleic acid
propyl-H-imidazole VSM, BET, 'H and *C selectivity and avoid
functionalization, NMR protein contamination.
glycosylation and high DNA particle
deacetylation to loading ratio of
NpFeSilmSugar NPs. 3045 wt%
(MNP /DNA ratio)
Hydrodynamic size
(Z-Average),
polydispersity index
(PDI), zeta potential at
pH7.3,
Caffeic acid volumetric Caf-BSA-SPIONSs;
(Caf-SPIONSs); Bovine serum albumin susceptibility, and iron . tested against A375M
SPIONs citrate-stabilized (BSA) contegt Ator}rlﬂc Anticancer melanor%\a cells, [72]
(Cit-SPION) Emission fibroblasts;
Spectroscopy (AES);
HPLC-UV;

fluorescence; magnetic
field simulations
(COMSOL)
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NP Type Coating Agent Active Agent g/[l:;;ei)csesrlzatlon Activity Obs. Ref.
Monitoring of
Glycyrrhizin pancreatic islets and
(anti-inflammatory, mesenchymal stem
.. . ti-ulcer, cell (MSC) spheroids;
Glycyrrhizin-chitosan antl . PTIT
SPION (“SPIO”) coating ant%-al_l(elrglc, MRI’ fl Anti-inflammatory }nglbltlon of [73]
(SPIO@Chitosan-GL) ant%ox1 ant, immunotluorescence in ammatory'
anti-tumor, damage-associated
anti-diabetic, molecular pattern
hepatoprotective) (DAMP) protein in
mice
Silica-coating,
Polyamide 6 (PA6) by ?I;Zan’l)/(R% XIiDl
in situ polymerization, SS A)?S /‘jvv A)?Sa) %2& Self-healable Multiferroic-
Fe304 MNP to yield self-healable - maenetic properties. polymer polyamide 6 (PA6) [74]
malgnetic(gleilnl\(/)[pﬁ?lg;icle (SQ%ID, 1%0 1}2, 400 K), nanocomposites nanocomposite
polymer ZFC-FC
composite
Biomedical . . .
Polylactic applications Stimuli-responsive
hematite (o-Fe,O3) acid (PLA) - FTIR, TGA, DSC, VSM (3D printin PLA/ «x-Fe;O3 [75]
p & nanocomposites
cardiovascular stents)
MNP-CA-PEI
nanoparticles A .
290.74 + 63.84 nm: FD%S'{’ TGtA_, SQtUItD,] bNuclelc alc1c} del&ye:};
citric acid . s Zeta-potential, Multifunctional y caveolae-mediate
(CA)-modified MNP -(GEP plasmid; surface magnetic nanocarriers endocytosis;
MNPs . . MNP /nucleic acid characterization g adsorption isotherm [76]
cross-linked with vl L. . (siRNA, shRNA), gene foll. do-fi
olyethyleneimine polyplexes) ( angmur, delivery ollows pseudo-first
FPED Freundlich), order kinetics; HEK
(carbonyldiimidazole fluorescence 293 cells were used.
as the crosslinker)
Nanoflower-like or
In situ reduction of Ag nanodumbbell
with gallic acid Antibacterial, (NP/gallic acid ratio
Fes04-Ag (reducing agent), silica FE-SEM, FTIR antitumor of 10:1) (771
shell multifunctional
nanocomposites
Hyaluronic acid (HA,
ligand for CD44) and
SPIONPs (10 nm, anti‘bodies (Abs) :}?Z{fc(ljo(r)rrllyosarcoma
toluene), cubosomes. agalnlstdCtD22£ m Helenalin Cryo-EM, SAXS, Anticancer cells (RMS) and [78]
CD44 and CD221) cguple t ° fut osomes control (fibroblast)
atiraction and cell
thiol-Michael reaction
Core—shell
magnetoelectric NPs
CoFe;0,@BaTiO3 Surfap N . XRD, HRSEM, . obtained as nanorods;
(CFO@BTO), b functionalization with Doxorubicin (DOX) HRTEM, SAED, MH Drug delivery; cancer 98% drug release in
- 0¥ amphiphilic polymer, b measurements, treatment, suitable for o drug
solvothermal visobutylene.alt- and methotrexate » e 20 min (MF =4 mT). [79]
X polyisobutylene-alt ZFC-FC, chemo-resistant
synthesis (38 nm, N (MTX) . Tested on HepG2 and
maleic DLS < zeta-potential, cancers
Ms =47.4 emu/g) . A HT144 cells and 3D
anhydride (PMA) drug release kinetics .
spheroid models
(p <0.05).
Ellipsoidal shape,
Thiolated ;1;1 r;?éeccleéllleligent
3-cyclodextrin Doxorubicin (DOX), to ~ XPS, drug release €sp Sep
(Targeted) cancer on IONPs
IONPs (3-CD-SH), through yield (modelled by treatgment functionalization [80]
Fe-S bonding DOX-TRCD-IONPs Higuchi model) d against b .
(TBCD-IONPs) Teste agalr}st reast
cancer cell line
MCE-07.
Biomedical In vivo models
applications; drug showed increased iron
. . B XRD, TEM, magnetic delivery, imaging content in liver. No
MNP (Fe30) Citrate coating measurements (VSM) diagnostic (especially viability issues against (811
in liver, where iron different cell lines
accumulates) (HaCaT and HepG2).
Luminescent, LMNPs > 2minopropyl- g);ferrlr? nanopartile
Fe30,@BaMoO,:Eu’* ER??EQISIMHG} Triazole derivatives i(lgl\?[, FTIR, PL, TEM, Drug carrier LMNPs@APES-CD [82]
(LMNPs) B-cyclo déxtrin (6-CD) had high drug loading
Y of 61.69 mg/g
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Characterization

NP Type Coating Agent Active Agent Methods Activity Obs. Ref.
Polyethyleneimine, %{El\\//{' I(;lé—i/[i{lﬂl}/llzs, Fe;0,@PEI MNPs
Fe;0y4 gold, silica, and dsDNA S, s DNA isolation adsorbed DNA [83]
. charge (C-potential). .
graphene derivatives ICP-MS/MS efficiently
. Efficient thrombolysis
Fe;0y4 —COOH coating rtPA \S/gt/[/[’ ;%\;[{’ XRD, EDX, I:;erﬁzgli)c,itlllce (rabbit carotid artery [84]
’ occlusion model)
Polymeric matrix of MB@NAV has high
poly(lactic-co-glycolic) MS (higher than
. acid (PLGA), commercial NAV
I%/[aanetlc(k))eads (MBs), generating polymeric Affinity protein formulation).
n:rioesa;zicfes MBs that were neutravidin (NAV), by TEM, HRTEM, DLS, Biosensing (detection Alzheimer’s disease [85]
(Zan};NPs) 13 4+ 3nm covered with glutaraldehyde XRD, FTIR, ICP-MS of Tau protein) biomarker (Tau
Mo = 81 en;u / ’ polyethyleneimine crosslinking protein) could be
§= g (PEI) (MB@PEI), detected using
obtaining particles of MB@NAV at very low
96 + 16 nm 63 mg/mL
XRD, FT-IR didodecyldimethy-
Silica, double-chain Eoirubici TG, TEM. liquid Analvtical . lamronium bromide
FesO surfactant, ionic pirubicin i chromatography— nalytical extraction was the most etfective [86]
304 , graphy:-
liqui hydrochloride (EPI) . methods surfactant for
iquids (ILs) fluorescence detection .
(LC-FL) adsorption tests
on MNPs
Fe?* substitution by
Ni?*, inverse spinel
Ni. F 0. NP Cancer treatment structure;
x x Oe %’XO 24 04 SO 6 Aminosil i _ XRD, Raman, EDX, (MCF7 and HelLa cell hydrodynamic radii 87]
08 and 10) minostiane coating FTIR, DLS lines); drug delivery, 10 nm (DLS). Coating
o ’ hyperthermia decreases
agglomeration and
cell viability
L . . Novel encapsulation
IONPs g}ci:ace?ﬁl?e(rgA)l acrl)cli Dexamethasone NMR, HR-MS, TEM, EIOIE %:tiiaolns dru system based on 88]
(TEG) ylene gly (Dexa) DLS, HPLC, dl’{’i aons g triazole-derived
envery micelle precursor
Hyperbranched . oo
polyglycerol and Drug delivery, Els\forrgi at;:);hlty 11
carboxymethyl IR, NMR, TG, VSM, anticancer, contrast (IO{EEI)<—2930) h.a }f els
MNP (Fe3Oy4) cellulose, to Doxorubicin (DOX) XRD, DLS, HR-TEM agent in magnetic toxici - lgt [89]
Fe;0,@PG and and UV-Vis resonance Czﬁsézjsgzgfs
Fe;0,@PG/CMC- imaging MRI (HeLa)
PEG@DOX :
SPIONS
Copolyester, poly THNMR, Gel gl;lboli\ff(fiﬁéfLCys)
(globalide-co-e- Permeation Enzymatic release, conjugation with
caprolactone) (PGICL), = Methotrexate (MTX); Chromatography 4 ’ yugat .
g N . . . . antitumor active biomolecules;
SPTONs (Fe;Oy) modified with amino conjugation achieved (GPC), HPLC, FTIR, nanoplatform (tested drue loaded [90]
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DLS, TEM, FTIR, XRD,
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Table 4. Cont.

NP Type Coating Agent Active Agent g/[l:;e:)céesrlzatlon Activity Obs. Ref.
FTIR, AFM, SEM,
agarose gel Fe;0,@PDA@PEL
3 " Dopamine (DA), electrophoresis, Gene vector (DNA modified NPs are
FesOy PEl-modified self-polymerized fluorescence delivery) stable hydrophilic %3]
microscopy, flow NPs (50-150 nm)
cytometry
DLS, zeta potential, Super}_)aramagnetic
NMR, IR, magnetism Biomedical lrfgar\\,;;)if: useful for
MNPs (iron oxide, Mesoporous silica trans-resveratrol (SQUID, ZFC-FC), (protein-ligand, bi 8 L
. . P N ioseparation; high [94]
18 nm diameter) shell (93 nm diameter) (post-silanization) fluorescence immunoassay ta-potential kent th
resonance energy design) zetapotentia. «ept the
transfer (FRET) mesoporous NPS m
alkaline solution
High DOX loading:
; DLS, ¢-potential, . . 732 pug/mg
magnetic L . FTIR, TEM, drug Anticancer; drug (DOX/MNC) and
nanocomposites Oleic-acid-modified, Doxorubicin (Dox) loading /release delivery (against A549 943 g /m [95]
(MNCs), nanocapsules ~ Nylon-6 coated 8 - and HEK 293FT cell e g-
(UV-Vis), cytotoxicity . (DOX/NC);
(NCs) based on Fe;0y4 . lines) i
studies pH-sensitive drug
release
Anticancer, In situ solvothermal
Stabilizers: 3,4- hyperthermia (human v
dihydroxybenzhydrazide TEM. XPS, FTIR, VSM normal dermal Iﬁﬁfgs_srgf netit
Fe304 nanoclusters (DHBH) and poly [3,4- - TN fibroblasts-B]J, colon S-magnetite [96]
: . (magnetization) . nanoclusters, MNC of
dihydroxybenzhydrazide] adenocarcinoma- 50 emu/¢ and
(PDHBH) CACO2, and 20 o /g
melanoma-A375) g
Cobalt-Iron Ferrite MTT assay on
Nanoparticles Surface modification Cytocompatibility, fibroblast cells
CoyFe;_yFe, Oy with amino-silane - SEM, EDX, XRD, FTIR biomedical (cytotoxicity tests); [97]
(x=0.0,0.2,04,0.6,0.8, (AEPTMS) applications Co/Fe ratio influences
and 1.0) cytotoxicity
Fe304-L-Cys-Dox NPs
EDS, SAED, XRD, Drug deliver 2?1$c)i‘ivr§21anoma
. L-Cysteine . FTIR, TEM. XPS, '8 ¥ T
304 . Doxorubicin (Dox) L anticancer activity on mouse [98]
(L-Cys)-coating Mgssbauer (anti-melanoma) (B16F10) and human
spectroscopy, SQUID .
(A375) metastatic
melanoma

Various MNP systems have been designed to overcome embolism caused by these

nanoparticles, which requires coating with biocompatible and non-cytotoxic polymers,
such as poly (globalideco-e-caprolactone) (PGICL), modified with the amino acid cysteine
(Cys) via a thiol-ene reaction (PGICLCys) [90]. The reaction scheme utilized to produce
a coating of SPIONS (SPION@PGICLCys) and further conjugation with folic acid (FA) or
the anti-cancer drug methotrexate (MTX) is described in Figure 6. Cysteine (Cys) was
chosen specifically due to its good compatibility with SPIONs, which it binds to through
carboxylic and thiol groups, while the selection of biomolecules (FA, MTX) was aimed
at anticancer treatment, as experiments showed a 45% release of MTX within 72 h under
enzymatic-triggered release and a reasonable reduction in tumor cell (breast carcinoma
MDA-MB 231) viability of 20%. The tumoral cell viability remains high, although the MTX
loading wss quite low at 3.20 ug MTX/mg IONP [90].

The use of surface-functionalized magnetic nanoparticles (MNPs) in medical ther-

apies shows great promise, but it is important to be aware of potential side effects and
complications related to biocompatibility and toxicity, accumulation and biodistribution,
retention and clearance, inflammatory /allergic response, potential interference, agglom-
eration, under/overdosing, unintended effect on nearby tissues/organs, rare element
toxicity (present in some surface coatings), incomplete drug release, clinical translation,
and regulatory approval.
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Figure 6. (A) Synthesis of PGICLCys and SPIONs and conjugation with folic acid (FA) or methotrexate
(MTX). SPION@PGICLCys_MTX: (B) drug delivery assay at lysosomal pH (pH 5.3) with or without
protease (ENZ); (C) breast carcinoma-derived MDA-MB 231 cells viability after 72 h at different MTX
concentrations. Reprinted under the terms and conditions of the Creative Commons Attribution
(CC BY) license from ref. [90].

Magnetization of the magnetic core is highly important, as it further dictates the final
behavior of the magnetic nanoplatform when subjected to a magnetic field. It is noteworthy
that other compounds such as nitrides y’-Fe,N, through a consecutive reduction and
nitridation strategy, have gained research momentum due to their superior magnetic
properties when compared to typical IONPs (Figure 7) [66]. Such a new magnetic core
(Ms = 182.7 emu/ g for y'-Fe4N) could yield novel high-performance magnetic nanoplatforms.

Depending on the composition and surface functionalization, MNPs may have differ-
ent levels of biocompatibility, and some coatings or functional groups may induce toxicity
or provoke an immune response. Therefore, thorough biocompatibility testing is crucial.
Moreover, MNPs can accumulate in various tissues and organs, especially in the liver,
spleen, and lymph nodes. Understanding and controlling their biodistribution is important
in order to prevent potential long-term effects. The long-term retention of MNPs in the
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body, especially in critical organs, could lead to complications, so ensuring efficient clear-
ance mechanisms is essential to mitigate potential risks. Some surface coatings may trigger
inflammatory responses, which can lead to local or systemic reactions, potentially causing
discomfort or more serious complications. Also, allergic reactions may occur within some
individuals, ranging from mild skin irritation to severe anaphylactic responses. While some
degree of interference can occur with other medical devices or implants, a more serious
issue is related to the fate of the MNPs in the biological system. In targeted drug delivery,
there is a risk of unintentional effects on neighboring healthy tissues if the targeting mecha-
nisms are not sufficiently specific. These effects can be exacerbated by agglomeration of
NPs, a phenomenon which occurs based on specific microenvironments and could lead
to embolisms or blockages in blood vessels. A careful evaluation of the release profiles to
ensure the correct dosage and distribution of MNPs is crucial: overdosing leads to toxicity,
while underdosing results in ineffective therapy. In drug delivery applications, there may
be challenges in achieving precise control over drug release rates, and this could lead
to suboptimal therapeutic outcomes. In all cases, surface-functionalized MNPs have to
meet regulatory standards for clinical translation, and this involves rigorous testing and
approval processes.

O Fe 00 N

— ‘I"':EZO:, Nano'particle
h —'-Fe,N Nanoparticle 4

100+

Intensity (arb. unit)

r
o
=

30 40 50 60 70 -15000 0
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Figure 7. (A) Space-filling models of y-Fe;O3, Fe, and v'-FeyN crystal structure transitions from the
reduction and nitridation steps; (B) XRD patterns of y-Fe;O3 and the synthesized y’-Fe4,N nanopar-
ticles; (C) static magnetic hysteresis loops of y-Fe;O3 and the synthesized y’'-Fe,N nanoparticles
measured by PPMS with the external magnetic field swept from —15 to +15 kOe. The inset figure
(D) shows hysteresis loops within a field range of £2 kOe. Reprinted with permission from ACS.

It is important to note that rigorous pre-clinical testing and comprehensive risk as-
sessments are essential steps in the development and application of surface-functionalized
MNPs in medical therapies. Additionally, close monitoring of patients receiving MNP-
based therapies is crucial in order to promptly identify and address any potential side effects
or complications. Surface functionalization [99] has propelled MNPs into the forefront of
drug delivery, redefining therapeutic precision. Rigorous characterization techniques, cou-
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pled with in vitro and in vivo validation studies, underscore the transformative potential
of surface-engineered MNPs in revolutionizing drug delivery paradigms, offering novel
avenues for personalized and targeted therapies [100].

6. Challenges and Future Perspectives

While remarkable strides have been made in the surface functionalization of magnetic
nanoparticles (MNPs), several challenges and promising avenues lie ahead. This section
delves into the intricacies of these challenges and outlines future directions that hold the
potential to reshape the field. Some of the most stringent aspects that require further
improvements have been highlighted in Figure 8, and they include: biocompatibility and
toxicity, long-term stability, seamless and time-effective clinical translation, qualitative and
quantitative control, multifunctionality, a deeper understanding of the structure-function
relationship, enhanced in vivo behavior and targeting precision, multimodal integration,
and exploring other areas of interest beyond biomedicine.

Bio-

Multi- compatibility LT

functionality stability

Structure-

Function Functionalized Toxicity
Relation MNPs
Clinical In-vivo
trials Target behavior

precision

Figure 8. The main parameters and features that need to be addressed by future MNP nanoplatforms
for efficient use in biomedical applications and beyond.

As MNPs’ prevalence in biomedical applications increases [101], ensuring their bio-
compatibility and minimizing potential toxicity remains a critical challenge. Therefore,
thorough biocompatibility assessments (in vitro and in vivo studies) are imperative. Sur-
face modifications that enhance biocompatibility, such as PEGylation, must be balanced
with potential alterations in surface functionality. Maintaining the stability of surface-
functionalized MNPs over extended periods is vital for their efficacy. Challenges such as
ligand detachment, aggregation, or degradation need to be addressed through robust coat-
ing strategies and long-term stability studies. Multi-parametric characterization techniques
can shed light on stability issues.

While surface-functionalized MNPs show great promise in preclinical studies, their
seamless translation into clinical settings poses significant challenges. Rigorous safety
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assessments, scalability of production, and regulatory approvals are crucial hurdles that
need to be overcome for clinical applications. Achieving precise quantitative control over
surface functionalization remains a challenge. Determining the exact number of functional
moieties per MNP requires advanced analytical techniques. Techniques like single-particle
tracking or advanced spectroscopic methods may offer new insights.

The demand for multifunctional MNPs with multiple surface functionalities adds
complexity. Balancing diverse functionalities while maintaining stability and avoiding
interference requires innovative design strategies and comprehensive characterization.
Unraveling the intricate interplay between surface modifications and functional outcomes
is a continual challenge. Advanced computational methods, coupled with detailed experi-
mental studies, are essential to deciphering the complex structure-function relationships.
Achieving precise targeting of MNPs to specific cells or tissues remains a challenge, par-
ticularly in dynamic biological environments. Incorporating responsive elements into
MNPs’ coatings that enable active targeting upon specific stimuli could enhance targeting
precision [38].

Elucidating the behavior of surface-functionalized MNPs in complex biological envi-
ronments is crucial. Studying factors like protein corona formation, biodistribution, and
clearance pathways will provide insights into their fate after administration inside the
human body [10]. In nanotechnology, the protein corona plays a key role in dictating the
biological fate and functionality of these nanoscale entities; when nanoparticles, including
magnetic nanoparticles (MNPs), come into contact with biological fluids, such as blood
or interstitial fluid, they instantaneously interact with a plethora of biomolecules such
as proteins present in these environments. Upon exposure to biological fluids, proteins
rapidly and spontaneously adsorb onto the surface of the nanoparticles, forming a dynamic
and complex layer, often referred to as the protein corona, a complex phenomenon influ-
enced by factors like nanoparticle size, shape, surface charge, and surface chemistry. The
protein corona, in turn, fundamentally alters the biological identity of the nanoparticle by
mediating interactions with cells, influencing cellular uptake, intracellular trafficking, and
biological responses, and determines the fate of the nanoparticle within the body, impacting
aspects such as circulation time, distribution in tissues, and potential clearance mechanisms.
The concept of protein corona formation represents a dynamic and intricate phenomenon
at the interface of nanoparticles and biological systems, with profound influence over the
biological behavior and fate of nanoparticles in vivo, underscoring its critical importance
in the field of nanomedicine. Researchers are actively working to unravel the complexities
of protein corona dynamics to engineer nanoparticles with enhanced biocompatibility and
therapeutic efficacy. Iron oxides, for instance, have been shown to remap the immunologi-
cal tumor environment, especially when interacting with macrophage response through
polarization and reprogramming [102].

A closer look at the commercial solutions offered on the market today highlights the
presence of quite a few suppliers, such as Dynabeads (Thermo Fisher Scientific, Waltham,
MA, USA), Micromod Partikeltechnologie GmbH, NanoMAG-D (Macherey-Nagel, Diiren,
Germany), Ocean NanoTech MagVigen™ Magnetic Nanoparticles (Ocean NanoTech,
San Diego, CA, USA), Bangs Laboratories Magnetic Microspheres (Bangs Laboratories, Inc.,
Fishers, IN, USA), Ademtech Functionalized Magnetic Particles (Ademtech, Pessac, France),
NanoXact (NanoComposix, San Diego, CA, USA), and MagSi Beads (Chemicell, Berlin,
Germany). To get a more in-depth estimation of the costs and actual surface coverings
offered by one of the mentioned brands, a brief analysis of Micromod'’s listings shows that
10 mL of MNPs (300 nm; 10 mg/mL) costs just shy of EUR 250, and various functionaliza-
tions are possible (dextran, silicate, etc). The cost, however, remains prohibitive, especially
when related to NPs’ dry weight content. There are quite a few companies (including
major brands) offering commercial solutions, many of which can be further tailored to suit
demand for specific properties, coatings, concentrations, etc. Each additional request raises
the overall price. Therefore, tailoring magnetic formulations for specific applications could
be conducted in-house instead, as this approach costs a lot less than commercial solutions
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and represents one of the key benefits of synthesizing MNPs in-house rather than through
procurement services. A brief comparison correlating some of the recent advances in the
field of surface-functionalized magnetic nanoparticles (MNPs) with solutions available on
the market is given in Table 5.

Table 5. Short comparison correlating commercial solutions available today on the market to the
recent advances and the current state-of-the-art.

Application

Recent Advances

Market Solutions

Surface Functionalization Strategies

Advanced strategies like click chemistry,
polymer brushes via ATRP,
multifunctional coatings.

Established strategies like silane coupling
agents and antibody immobilization;
advanced strategies emerging in
commercial products, like click
chemistry-based functionalization kits.

Applications in Drug Delivery

Novel surface coatings and functional
groups—enhanced drug loading,
controlled release.

MNPs functionalized with specific ligands
for targeted drug delivery. Some
companies provide customizable options
for specific drug payloads.

Magnetic Resonance Imaging (MRI)

Coatings with superior magnetic properties
and responsive materials for improved
contrast in MRI.

High-quality coatings, ensuring stability
and improved imaging performance; some
products integrate advanced surface
modifications to enhance contrast.

Hyperthermia Treatment

Surface functionalization strategies to
optimize heating efficiency for
hyperthermia applications.

Commercial options with tailored surface
properties to achieve precise heating of
targeted tissues within physiologically
relevant limits.

Diagnostic Applications

Improved diagnostic capabilities through
enhanced binding specificity and
signal amplification.

Surface functionalizations optimized for
specific diagnostic assays, that may include
pre-conjugated antibodies or customizable
options for specific biomarker detection.

Multifunctionality

Recent research focuses on integrating
multiple functionalities within a single
NP platform.

Multifunctional MNPs that combine
features like drug delivery, imaging, and
targeting within a single particle, designed
to streamline complex applications.

Environmental Remediation
and Catalysis

Functionalized MNPs are being explored in
catalysis and environmental remediation.

An emerging interest in functionalized
MNPs for non-biomedical uses, with
customizable options for research in
these fields.

Integrating multiple functionalities into a single MNP, such as combining imaging

and therapy, is a complex challenge aimed at the theranostics realm. Developing stream-
lined strategies for co-functionalization while preserving each functionality’s integrity
is an ongoing pursuit. Finally, exploring novel applications of surface-functionalized
MNPs beyond biomedicine, such as environmental remediation, catalysis, and energy
storage, offers exciting future prospects. Tailoring surface functionalization for non-
biomedical contexts requires creative adaptations and a comprehensive understanding of
each application’s requirements.

Looking forward, the field of surface functionalization of MNPs holds immense po-
tential. Addressing these challenges requires interdisciplinary collaboration, innovative
engineering, and meticulous characterization. As the complexities are unraveled, surface-
engineered MNPs are poised to continue transforming diverse domains, offering solutions to
some of the most pressing challenges in science, technology, and medicine [20,21,103-105].
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7. Conclusions

The journey through recent advances in the surface functionalization of magnetic
nanoparticles (MNPs) has revealed a captivating landscape where scientific innovation con-
verges with transformative applications. The remarkable synergy between nanotechnology
and surface engineering has ushered in a new era, unlocking the full potential of MNPs
across diverse domains. Surface functionalization has redefined the capabilities of MNPs in
multimodal imaging, drug delivery, and catalysis. The strategic tailoring of MNP surfaces
has propelled multimodal imaging, enhancing contrast, enabling targeted imaging, and
fostering the integration of different imaging modalities. This convergence has profound
implications in disease diagnosis, therapeutic monitoring, and understanding complex
biological processes. The horizon of the surface functionalization of MNPs gleams with pos-
sibilities. From fine-tuning imaging contrast to precise drug delivery, surface-engineered
MNPs stand as catalysts of transformation. Collaboration between disciplines, synergy
between theory and experiment, and unwavering commitment to innovation will rewrite
the boundaries of what is possible.
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Abstract: In recent decades, magnetic hyperthermia (MH) has gained considerable scientific
interest in cancer treatment due to its ability to heat tumor tissues deeply localized inside
the body. Functionalizing magnetic nanoparticles (MNPs) with vector molecules via
specific organic molecules that coat the particle surface has enabled targeting particular
tissues, thereby increasing the specificity of MH. MH relies on applying radiofrequency
(RF) magnetic fields to a magnetic nanoparticle distribution injected in a tumor tissue. The
RF field energy is converted into thermal energy through specific relaxation mechanisms
and magnetic hysteresis-driven processes. This increases the tumor tissue temperature over
the physiological threshold, triggering a series of cellular apoptosis processes. Additionally,
the mechanical effects of low-frequency AC fields on anisotropic MNPs have been shown to
be highly effective in disrupting the functional cellular components. From the macroscopic
perspective, a crucial parameter measuring the efficiency of magnetic nanoparticle systems
in MH is the specific absorption rate (SAR). This parameter is experimentally evaluated by
different calorimetric and magnetic techniques and methodologies, which have specific
drawbacks and may induce significant errors. From a microscopic perspective, MH relies on
localized thermal and kinetic effects in the nanoparticle proximity environment. Studying
MH at the cellular level has become a focused research topic in the last decade. In the
context of these two perspectives, inevitable questions arise: could the thermal and kinetic
effects exhibited at the cellular scale be linked by the macroscopic SAR parameter, or
should we find new formulas for quantifying them? The present work offers a general
perspective of MH, highlighting the experimental pitfalls encountered in SAR evaluation
and motivating the necessity of standardizing the devices and protocols involved. It also
discusses the challenges that arise in MH performance evaluation at the cellular level.

Keywords: SAR evaluation pitfalls; cellular magnetic hyperthermia; SAR methodologies;
magnetic nanoparticles; nanoparticle mechanical effects

1. Magnetic Hyperthermia as a Hope in Cancer Therapy
1.1. Introduction

Magnetic hyperthermia (MH) has emerged as a new approach to cancer therapy,
raising hopes of finding an effective solution to this disease, which has spread rapidly
throughout the world in the last century. On a microscopic level, cancer is induced by
changes at the DNA level [1,2]. As a result, the regulatory processes that control cell
growth and proliferation in different tissues are altered. DNA is a very complex and
dynamic information system that maintains the proper functioning of living beings in the
finest detail. It has self-error cleaning capabilities through specific repair mechanisms [3].
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Damage to DNA information sequences caused by external factors can overcome these
informational repair mechanisms, and a wave of errors can propagate through the system.
This contributes to the birth of malignant cells in specific tissues [2,4]. One of the immune
system’s roles is to recognize and neutralize these abnormal cells, but its ability can also be
overwhelmed by the amplitude of the phenomenon’s occurrence. For this reason, cancer
treatment is focused on two aspects: the genetic mechanisms that trigger the repair of DNA
damage [5,6] and the destruction of cancer cells by cytostatic drugs or external factors such
as heat. It is known that cancer cells are less resistant than healthy cells to a temperature
increase above the physiological threshold [7]. Heat can be delivered to tumor tissue in
various therapeutic approaches: ultrasonic ablation [8,9], laser ablation [10,11], or magnetic
hyperthermia [12-16]. For the successful killing of all cancer cells in a tumor, homogeneous
heat distribution and the optimal timing of the heating steps are essential [17]. If some
parts of the diseased tissue remain alive, the process of cell proliferation will continue, and
the tumor will grow again.

1.2. MH Application

MH is based on injecting a precise, dosed volume of physiological liquid containing
well-dispersed MNPs. This may be performed directly into the diseased tissue or in the
bloodstream if the nanoparticles are vectorized with specific molecules for tumor targeting.
Concomitantly, an alternative magnetic field in the radiofrequency range is applied, and
through intrinsic specific relaxation mechanisms or hysteresis loss, nanoparticles will dissi-
pate heat in the surrounding biological environment. MH can be applied to various types
of deep-seated tumors, thus gaining significant scientific interest. Magnetic hyperthermia
can also be an adjuvant therapy along with other cancer treatment approaches, such as
chemotherapy and radiotherapy [18,19]. Furthermore, MNPs may be used as nano-delivery
platforms for specific drug molecules (cytostatic), allowing for the integration of the cyto-
toxic effects with those of hyperthermia [20-22]. Drug molecules used in cancer therapy
cannot be directly chemically attached to the nanoparticle, and an organic layer with high
affinity for specific ligands and drug molecules should cover the nanoparticle surface [23].

A key requirement for materials used in cancer treatment is biocompatibility. All
final material products (nanoparticles, coating layer, and functional molecules) must be
compatible with the human body. A wide class of biocompatible organic molecules (chi-
tosan, dextran, different lipids and fatty acids, polyacrylic acids, polydopamine, starch,
etc.) has been developed [24,25] providing chemical support for drug or marker molecules.
In addition to the biocompatibility condition, magnetic hyperthermia must be applied
with some limitations given by the negative effects of alternating magnetic fields in the
human body. Radiofrequency magnetic fields induce electric currents in biological tissues,
which may increase the local temperature. Brezovich, in 1998, established a criterion for the
permissible limits of the direct application of AC magnetic fields to the human body: the
product between frequency and intensity of the applied field (f-H) should not exceed
the value of 4.85 x 108 Am~1s~! [26]. Furthermore, more permissive limits have been
elaborated: f-H = 5 x 10° [27] and f-H = 9 x 10° Am~'s~! [28]. A recent work [29] recom-
mended changing the Brezovich criterion with the SARmax [Wg™!] parameter, as the maxi-
mum power absorbed per unit mass of a specific tissue. Theoretical justification is given by
the calculation of the eddy-current-induced power in a muscle tissue in cylindrically sym-
metric and homogenous magnetic field approximation: Py (r) = §om? 1> Ho?f*r2, where
o—electrical conductivity of the tissue; jjp—vacuum permeability; and r—cylinder radius.
The calculus relied on the magnetic field parameters used in clinical experiments described
in [29], where tolerable power values for different body parts where higher than those
predicted by the Brezovich criterion. Accordingly, the Py (r) and SARmax = Py () / Pmuscle
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(Pmuscle—muscle density) calculated values for torso, neck, and thigh were not as divergent
as the product f-Hy, which was three to five times higher for the thigh than for the torso. In
this calculation, the radius of the torso is considered 14 cm and that of neck and thigh 7 cm.

1.3. Cellular MH

At the cellular level, MH triggers apoptotic effects by localized thermal transfer mech-
anisms between MNPs and cell components (membrane, extracellular matrix, cytoskeleton,
cytoplasm, nucleus, etc.). It is known that some parts of the cell are more sensitive to heat
than others (nucleus and mitochondria) [30]. Hence, MH effects may be very peculiar at
this microscopic level. Heat transfer from a particle to the nucleus may induce cell death
faster than if all cellular volume is heated over the physiological limit. Cellular MH is
strongly influenced by MNP localization inside the cell or in the extracellular matrix.

1.3.1. Nanoparticle Uptake and Localization

Mammalian cells possess complex uptake mechanisms adequate for different particle
sizes and morphology [31,32]. Relatively small particles (<150 nm) are internalized through
a specific mechanism of clathrin-mediated endocytosis, while those 250 nm to 3 um in size
are internalized through micropinocytosis and phagocytosis [33]. Different particle shapes
make distinct angles between the cellular membrane and particles at cell adhesion sites,
influencing their internalization [33]. It seems that particles with shape anisotropy are more
easily internalized by cells than spherical ones [34].

Magnetic hyperthermia experiments performed in vitro on DX3 human melanoma
cells incubated with citric acid-coated iron oxide nanoparticles and exposed to a variable
magnetic field of up to 16.1 kA/m in strength at 950 kHz for 2 h, showed high internal
uptake of nanoparticles, as demonstrated by transmission electron microscopy (TEM)
measurements [35]. Another work [36] studied magnetic hyperthermia in vitro in a glial
microtumor phantom incubated with polyacrylic acid-coated and lauric acid-coated Fe304
nanoparticles. TEM studies showed the partial internalization of the nanoparticles into
vesicles distributed in the cytoplasm and the formation of MNP clusters attached to the
cell membrane. The effects of magnetic hyperthermia treatment, performed at a frequency
of 560 kHz and a field strength of 24 kAm !, were compared with those induced in cells
by conventional heating in a water bath. Both hyperthermia and the water bath-based
classical method induced the apoptosis process as measured by viability tests, but in the
case of magnetic hyperthermia, the local damage at the cellular level was more pronounced
than in the classical case, possibly due to the mechanical vibration of the nanoparticles
under AC magnetic field excitation.

1.3.2. Extracellular /Intracellular Thermal and Mechanical MH Effects

Nanoparticles can be driven to specific locations within the cell, but they can also
remain trapped in the extracellular matrix [37,38]. This led to the idea of investigating the
local efficiency of MH in the intra- or extracellular space (Figure 1).

Comparative intracellular and extracellular MH experiments were performed on
SK-Hep1 hepatocellular carcinoma cells incubated with polystyrene sulfonic acid-coated
MNPs immediately after incubation and after 24 h. The MH results showed that nanopar-
ticle localization in the extracellular matrix was more efficient than internalization in the
cytoplasm [39]. In addition, other in vitro experiments have shown that the MH process
is more effective at the extracellular level than at the intracellular level [40]. In contrast,
in vivo experiments on tumors induced in mice showed that MH was more effective in the
intracellular space than in the extracellular matrix, even when the temperature reached in
the intracellular space was lower than outside the cell [41]. This was explained by the high
temperature reached in the vicinity of the nanoparticles (several tens of degrees), which
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has a strong impact on the integrity of the organelle membranes by inducing local damage.
Ratiometric luminescence thermometers based on Sm** /Eu®* were developed to detect
local temperature increases on the surface of nanoheaters or in specific parts of the cell.
Significant temperature differences were found between the nanoparticles and the cellular
environment in their immediate vicinity. This suggests that some functional parts of the
cell are more sensitive than others, requiring small amounts of heat to trigger the chain of
apoptotic processes [30]. Other strategies have used MNPs as immobilizer nanoheaters
attached to the cell membrane to induce physical damage (pores) capable of allowing for
the passage of drug molecules into the cytoplasmic space [42].

- N Organelles
U

Extracellular - =
space

Magnetic
particles

*'oo' '

Nucleus

Tumor cell

Heat

High - frequency magnetic fields - Heat
Low - frequency magnetic fields - Vibration & Oscillations

Oscillations
Vibrations

Figure 1. Localization of magnetic nanoparticles in both intra- and extracellular space. Under high-
and low-frequency magnetic fields, particles generate heat, mechanical vibrations, and oscillations.

Specific assembly behavior was observed in a cellular MH experiment [43] where
nanoparticles were aligned in chains. Furthermore, mechanical effects induced by vibration
or oscillation under an AC magnetic field were highlighted by microscopic examination
of nuclear debris after MH. Similar works [44—46] showed that low-frequency AC and
dynamic magnetic fields induce mechanical forces mediated by MNPs of specific shapes
(disks of 60 nm in thickness and 1 um in diameter) inside the cytoplasm, which act on the
cell membrane, nuclei, or various organelles, leading to cell disruption. The vibration and
oscillation effects of nanoparticles are usually exploited in MH under low-frequency fields,
where highly anisotropic (rod-shaped) particles of appreciable size (200 nm in length) have
been designed for operation in 35 kHz magnetic fields [47,48]. Nanoplates of 1 um in
diameter have also attracted attention for use in very low and weak fields (20 Hz and
30 mT), showing lethal effects on cancer cells without significant heat release [49]. Dieny et
al. [50] explained why superparamagnetic nanoparticles (SPM-NPs) cannot be used in this
approach. SPM-NPs develop, under low AC fields, mechanical forces of the order of fem-
tonewtons (fN), but those involved in biological processes vary between piconewtons (pN)
and hundreds of piconewtons (pN). In in vitro experiments, U87 glioblastoma cells (brain
cancer cells) were incubated with gold-coated NiggFeyp microdisks of 1.3 pm in diameter
and 60 nm in thickness. After the U87 cells absorbed the nanodisks, a magnetic field of
400 mT with frequency ranges between 12 and 20 Hz was applied for 30—45 min. About
80% of the U87 cells were destroyed, and those who survived became nearly spherical,
indicating that their cytoskeleton was damaged. Based on the same microdisks and cell
type, in vivo experiments were performed without success, with the main cause being low
diffusivity of the MNPs into the tumor. As was noted in [50], other in vivo experiments (on
mice) using similar discoidal particles and types of cancer cells proved positive results.
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1.4. MNP Synthesis

Few chemical methods allowing for the preparation of high-performance MNPs for
MH exist. One is the thermal decomposition method, a particularly effective approach
to synthesizing MNPs with high crystallinity, a narrow size distribution, and regular
shapes. This method involves the thermal decomposition of organometallic precursors
in organic solvents in an inert atmosphere [51]. It was proved that adding molecular
oxygen enhances the magnetic properties of nanoparticles and improves the method’s
reproducibility [51]. The influence of synthesis parameters on nanoparticle size can be
found in [52]. There, it has been demonstrated that the heating rate plays a pivotal role in
the synthesis of monodisperse spherical iron oxide nanoparticles. A lower heating rate was
found to promote polydispersity and size increase, while higher rates resulted in a broad
nanoparticle distribution. The annealing time, dependent on the temperature plateau, was
found to be crucial to obtaining a monodisperse particle distribution. Co-doped Fe3yO4 /-
Fe,O; core-shell nanoparticles with high SAR values (up to ~9300 Wg~! for 14.6 nm particle
size) were synthesized by thermal decomposition, proving the impact of inert flow gas on
nanoparticle size and morphology [53]. However, the primary disadvantage of the thermal
decomposition method is related to the milligram scale of nanoparticle production. In
contrast, solvothermal synthesis represents a compelling alternative.

The solvothermal method involves heating a metallic salt solution in an appropriate
solvent within a stainless-steel autoclave, along with nucleating agents and surfactants.
Gavilan et al. [54] developed a scalable protocol for the preparation of high-crystallinity
and monodisperse MNPs of various shapes (cubic, faceted, and spherical) at the gram
scale by the optimization of the solvothermal method. The protocol utilizes alcohol as
the solvent and employs shape-directing agents. The SAR values obtained, in their work,
for 19 nm cubic MNPs exceeded 500 Wg ™!, up to 10-fold higher than that for similar-size
MNPs synthesized by coprecipitation. In the alternative, if water is used as the solvent, the
method is designated as hydrothermal.

Another highly used route is the microemulsion method, which relies on the coex-
istence of two immiscible liquid phases, water and oil. In this system, oil micelles form
in water and act as chemical reactors. When a second emulsion or base is added, the
precipitate forms, causing the micelles to collide, break apart, and consolidate, facilitating
the growth of nanocrystals inside them. This method allows for the production of MNPs in
the size range from 1 to 100 nm. By changing the oil phase, the reaction conditions and the
type and amount of surfactant, different forms of MNPs can be obtained. An eco-friendly,
oil-in-water microemulsion-based method was utilized to synthesize Zng 4Fe; 4O4@SiO;
biocompatible clusters, which showed high SAR values (up to 2600 Wg~!) in vitro magnetic
hyperthermia experiments [55].

1.5. Magnetic Nanoparticle and Necrotic Tissue Clearance

Eliminating MNPs from the body is a complex process that depends on the particle
size. The elimination of particles larger than 200 nm is primarily performed through the
reticuloendothelial system (RES), with the liver, spleen, and lungs being the primary organs
involved [56]. Particles smaller than 10 nm are eliminated through renal clearance [57]. In
the range of 10—40 nm, particles are transported by the blood circulation, cross the capillary
walls, and are phagocytized by macrophages [58]. For sizes over 50 nm, particles may evade
the reticuloendothelial system, resulting in a prolonged circulation period [58]. An in vivo
study [59] involving the injection of citrate-coated manganese ferrite into mice proved that
the presence of nanoparticles in organs over time lasted 60 days in the liver, 30 days in the
spleen, and about 12 h in the heart, lungs, kidneys, and blood. With regard to the elimi-
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nation of necrotic cells resulting in MH, the predominant mechanism is phagocytosis [60],
responsible for engulfing particles measuring over 0.5 um (necrotic debris).

2. Physical Mechanisms Involved in Magnetic Hyperthermia

The principle behind magnetic hyperthermia is the generation of heat in nanoparticle
systems, typically dispersed in fluid phases, under the influence of alternating magnetic
excitation. This process depends on the magnetic mechanisms involved (hysteresis loss
and superparamagnetic relaxation: Neel and Brownian relaxation) and the possible Joule
effect in metallic nanoparticles due to the electrical currents induced by magnetic field
oscillation.

Two categories of magnetic nanoparticles are distinguished: single-domain and mul-
tidomain nanoparticles. Bulk magnetic materials are divided into magnetic domains where
magnetic spins are all oriented in a specific direction. The magnetic domains are separated
by walls in which the spins gradually orient from one direction to another, corresponding
to the two adjacent domains. At a specific size, a particle may experience a single mag-
netic domain where spins are all aligned in a particular direction, named the magnetic
easy axis, defined by the magnetic anisotropy energy. Over a specific temperature (block-
ing temperature—Tg), spins may fluctuate coherently between the two directions of the
easy axis—a phenomenon known as superparamagnetic behavior [61-63]. For magnetic
single-domain nanoparticles subjected to AC fields, the mechanisms responsible for heat
generation are hysteresis loss, described by the Stoner-Wohlfarth model, when the particles
are in the magnetic frozen regime (T < Tg), and superparamagnetic relaxation, described
by the Rosensweig model (T > Tg).

The Stoner—Wohlfarth model is a theoretical framework that elucidates the phe-
nomenon of magnetization in single-domain nanoparticles. In this model, magnetic
moments spontaneously align with preferential directions, characterized by effective
anisotropy energy. The magnetic anisotropy energy can be defined as the energy required
to rotate the magnetic moments from the easy axis (EA) direction to a direction that at
90° with respect to the EA, also named the hard magnetization direction.

The hysteresis loss mechanism in magnetic single-domain nanoparticles in the AC
magnetic regime (Figure 2) occurs when the anisotropy energy, KV (K—anisotropy constant;
V—particle’s volume), is greater than the thermal energy, kgT (kg—Boltzmann constant;
T—temperature). This happens when the particles are in the frozen magnetic state with all
spins aligned with the easy axis and do not rotate as a whole rigid body. This is the case
of high-viscosity fluids or when the particle’s rotation is blocked by strong magnetic or
physical interactions (e.g., dipolar interactions or organic molecules chain matrices). In
the particular case of applied magnetic field aligned with the EA (x = 0), the hysteresis
loop is perfectly a square, and the coercive field is identical to the anisotropy field: H. =
2Keft/ moMs (Figure 2).

In the case of multidomain nanoparticles, the mechanism of heat generation is given
by the hysteresis loss, but in contrast with single-domain particles, the coercivity is lower;
hence, heat production is not as efficient. Nevertheless, experimental research studies on
multidomain nanoparticle performance in MH [64] have been reported.

The power dissipation in non-interacting SPM-NPs dispersed in a liquid phase and
magnetically excited by RF magnetic fields is described by the Rosensweig model [65]:

wT

P — pxorefH2 — 2
HoXo™ 0 1+(wT)2

)

where, py = 1.25 x 107 N - A~?—vacuum magnetic permeability; Hy—field amplitude,
Xxo—equilibrium susceptibility; f and Hp—magnetic field frequency and strength; and
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1—the effective relaxation time integrating contributions from Neel and Brownian relax-
ation processes (Figure 2):

e Neel relaxation when T > Ty and magnetic moments fluctuate statistically and co-
herently around the nanoparticle’s easy axis between the two energy minima. Neel
relaxation is defined by relaxation time: T = toexp(KV/kgT), where Ty is a time
constant, with 19 = 107'¥ 5. Neel relaxation phenomena take place in both dry and
fluid-suspended SPM-NPs.

e  Brownian relation when the magnetic moments are strongly bound to the nanoparticle
(the case of high values of KV) and cannot be driven by the AC field. In this case, the
particle rotates as a whole against the fluid viscosity resistance, being characterized
by a relaxation time defined as 1g = 3nVy /kgT, related to the fluid viscosity (1) and
particle’s hydrodynamic volume.

Stoner-Wolhfarth model

a=0

Neel
relaxation

AN i

Brownian H
Z M
relaxation EA 5

Figure 2. Neel and Brownian relaxation mechanisms in SPM-NPs. Hysteresis loop in Stoner—
Wohlfarth model for applying magnetic field parallel with EA (& = 0).

Hence, an effective relaxation time can be defined as T = tg-Tn/ (T + TN)-

An additional mechanism that theoretically may contribute to heat generation in MH is
given by the magnetic field oscillations within metallic nanoparticles that induce electrical
currents. Therefore, the electrical resistive loss may increase the particle temperature. This
phenomenon depends on the magnetic and electrical properties of the material and the
applied magnetic field parameters. The maximum power dissipation of eddy currents in
fine metallic particles happens when the particle size is of the order of skin depth inside the
particle [66]. Skin depth is defined by the depth in the material where the field is attenuated
by 1/e and is expressed by the relation [67] § = 1/+/7tfuo, where f—the field frequency;
p—magnetic permeability; and o—electrical conductivity. For instance, the skin depth
at MH frequencies in magnetic materials (low electrical conductivity) are of the order of
microns, which is far from the usual particle size used in MH [68]. This is why this heat
mechanism is not considered in magnetic hyperthermia.

3. SAR Evaluation Methods in Magnetic Hyperthermia
3.1. Specific Absorption Rate (SAR) Bioheat Equation

Almost all the attention in the MH research field used to be focused on single-domain
MNPs, mainly due to the heat efficiency of superparamagnetic relaxation phenomena.
Even if MH may have highly specific localized effects, as experiments have proved, its
standard approach works in the approximation of homogeneous heat distribution in the
tumor tissue. In this way, a physical quantity, called specific absorption rate (SAR), was
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introduced to quantify the amount of power released by MH mechanisms in the tissue
mass unit:
SAR = P, /m = [w-gﬂ ?)

The SAR must have enough high values to compensate for the heat loss driven by
the physiological thermoregulation processes, which try to reestablish the temperature at
normal limits. MH may be numerically modeled in vivo by the so-called bioheat transfer
equation (BHTE) [69]:

V-KVT + g, + Gy — Wep (T — Ta) = pep(3T/0t) 3)

where T(°C) and T,(°C)—the local temperature recorded inside the diseased tissue and
the arterial temperature, respectively; ¢, (J/kg/°C) and cp (J/kg/°C)—specific heat of the
blood and of the tumor, respectively; k(w/m/°C)—thermal conductivity of the tumor
tissue; and W (kg/m’/s)—the blood flow rate. The terms q,,(w/m?) and q, (w/m?)

quantify the power generated by the MH process and by the metabolism processes, re-
spectively. MH can be optimized in relation with the q,, parameter for biological accepted
limits. The term q, is directly related to the SAR parameter by the relation

SAR = Pps/m =c x AT/At = q,/p 4)

where p—the tumor tissue’s density; c—the specific heat of its density; and AT/At—the
temperature increase rate. Another formulation of the SAR can be related to the mass of
magnetic material spread into the tumor volume and is known under the name of specific
loss power (SLP) [70]:

SLP = P, /myp = cm/myp X AT/ At 5)

where m is the tissue mass and myp is the mass of the MNPs contained by the investi-
gated tissue.

The SAR factor can be evaluated in in vivo experiments (by monitoring the tem-
perature increments by specific methods such as ultrasound echo measurement [71] or
thermosensitive light emission effect [72]), in in vitro experiments, and directly in ferrofluid
samples, where the temperature may be recorded with a simple optical fiber thermometer.
Most SAR evaluation measurements are performed by calorimetry techniques in ferrofluid
samples containing “fresh” synthesized nanoheater systems dispersed in liquids (water,
physiological serum, or different oily phases). They are subjected to oscillating magnetic
fields (usually in the radiofrequency range (RF) 50-1000 kHz). As a standard method, the
temperature increase in ferrofluid samples is measured with optical fiber thermometers
(metallic sensors are not allowed in RF fields), but IR imaging is also used [73]. The fer-
rofluid samples are placed inside circular coils connected to RF generators, which may be
commercial (most of them) or home-made. Depending on the coil geometry and setting
of the inductor capacitors, the working frequency can be adjusted. The SAR evaluation
methods relied on calorimetric measurements involving recording time-temperature heat-
ing curves during a temperature range that includes the physiological point. Considering
that the heat dissipated in the MH process is strongly dependent on the field parameters
(f, Hp), a more specific loss power term, called intrinsic loss power (ILP), can be expressed
independently of these parameters [74] as

ILP = SLP/f-H2 [H : mz/kg} ©)
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This is very useful in the evaluation of heat performance in the case of SMNPs where
dissipated power depends on the square of field intensity according to the Rosensweig
model. In the case of ferrofluids, SLP may be expressed as [75]

SLP = (ppp/mM X pnp) X SAR )

where 1 represents the ferrofluid volume fraction, and pgp and pyp are ferrofluid and
nanoparticles densities.

Along with calorimetric methods, magnetic methods may also provide information
about the heat efficiency of nanoparticles in MH application. The SAR may be seen as the
product between the frequency of the applied magnetic field and the energy released in
dispersion media during a field oscillation cycle. This energy can be evaluated through
dynamical hysteresis measurements integrating the area of the magnetization loop over a
complete field oscillation. Hence, the SAR may be written as [76]

+Hp
SAR = f.A = f. / 1oM(H)dH ®)
—H,

Another SAR evaluation magnetic method uses susceptibility measurements [77].
The volume of experimental SAR evaluation data has increased tremendously in the last
decades, and a huge scientific effort has been made to evaluate the nanoparticle perfor-
mance in MH. In the following, calorimetric and magnetic techniques and methodologies
for evaluating the SAR parameter in magnetic fluid samples will be mentioned with a few
concrete examples, highlighting their main advantages and disadvantages.

3.2. Calorimetric Methods in SAR Evaluation
3.2.1. General Aspects

As mentioned above, RF induction devices are commercially available, usually
equipped with coils of different geometry parameters (diameter, length, and pitch). De-
pending on the coil geometry and capacitor configuration, these RF devices allow one to
work with multiple frequencies and sample volumes and shapes. These coils are cooled
with water or other special cooling liquids. Typical SAR measurements involve small
volumes of ferrofluid enclosed in vials of a maximum of a few milliliters placed in the
inner space of the RF coil. The oscillating magnetic field generated by the coil activates
relaxation or hysteresis mechanisms in nanoparticles, leading to a temperature increase in
the sample volume that is time-measured with an optical fiber thermometer. The shape
of the heating curve acquired during an MH experiment is dictated by the competition
between heating rates and loss rates (induced by thermal conduction, natural convection,
and radiative processes).

Most of the experimental MH setups do not provide adiabatic conditions during the
measurements, and this may induce imprecisions in SAR evaluation. Adiabatic environ-
ments around the ferrofluid samples are not trivial to build, particularly when the sample
volume is very small (0.5-2 mL). Even sample holder walls may store consistent amounts
of heat generated during the MH experiment under non-adiabatic conditions. Another
important issue in MH experiments is related to large temperature gradients, especially gen-
erated when the induction coils are cooled by water at low temperatures. In [78], numerical
simulations performed with commercial software Comsol Multiphysics 5.2 demonstrated
the influence of cooling water temperature and water flow on the temperature environment
inside the coil. If cooling water is used under 15 °C (usually from a standard tap), the
water vapors from the surrounding air may reach the condensation temperature point (dew
point) around the coil, and water drops on the coil surface may appear. In this case, the

136



Coatings 2025, 15, 345

surrounding thermal transfer conditions are drastically changed. This can happen particu-
larly in summer, when air humidity is high. For example, if the air temperature is 25 °C
and indoor humidity is about 45%, the dew point will be 13.8 °C [79]. Technical solutions
for improving the environmental thermodynamic parameters require enclosing the MH
experimental setup in specially sealed walls where the inside air may be removed or dried
before the experiments. However, even with these special experimental arrangements, in
the case of using cooled water at low temperatures, high thermal gradients remain a major
issue in evaluating the SAR, especially in the case of slow MH heat rates. Cooling the RF
coils with water chillers at a precise temperature may solve the issue, but additional costs
are involved. However, the cooling water temperature should be optimal, depending on
the values of RF currents through the coil. Therefore, to avoid the heat thermal gradients
around the sample, the cooling process should not allow the temperature to increase inside
the coil metal. Numerical simulations found the optimal temperature for water cooling
at 20 °C for the solenoid coil and the field parameters involved [80]. The used optical
fiber thermometers acquire data from a single point (most likely from the middle of the
sample’s volume), even if the temperature at the sample extremities could be a few degrees
lower. On the other hand, the coil geometry may induce inhomogeneities in the field
distribution inside the sample, which, in turn, may induce heat nonuniformities. In this
respect, RF coils with diameters fitting the sample’s geometry, optimal length, and small
pitches between turns should be used to ensure relatively uniform field distributions within
the sample. Numerical simulations regarding the influence of coil geometry on heating
efficiency in MH in vivo experiments were reported in [81]. In the work, various types of
coils (helical, Helmholtz, and pancake coils) and field parameters were simulated, showing
variation in field homogeneity inside the simulated model. A solution for this issue may
involve using a single RF coil for different ferrofluid samples placed in the same type of
vials, which should be identically positioned related to the coil geometry. The optical fiber
sensor should also be placed carefully in the same position inside the ferrofluid volume for
all samples. Some of these technical considerations were investigated by Makridis et al.
in an experimental protocol [82]. They performed a comprehensive investigation of the
influence of various experimental factors (MNP type, ferrofluid concentration, magnetic
field inhomogeneities, coil geometry, etc.) and evaluation methods on SAR values. In this
work, 20 nm Fe304 nanoparticles (SPM-NPs) and 40 nm Fe3O4 nanoparticles (FM-NPs)
were subjected to MH experiments using three different commercial RF devices in a 10 min
heating and 10 min cooling protocol. For FM-MNPs, the influence of the sample volume
on SLP was investigated by keeping the same concentration (1 mg mL~!) but changing
the volume from 0.5 mL to 2 mL. For 1 mL, SLP increased with the sample volume, and
over this value, SLP stabilized at 400 Wg~!. Magnetic field homogeneity effect on SLP
was investigated in the case of SPM-NPs using four coils of different geometries (No. of
turns/diameter: 9 turns/50 mm; 9 turns/60 mm; 17 turns/50 mm; 17 turns/60 mm) for
the same field parameters (10.4 kA~! and 300 kHz). SLP values ranged from 35 Wg~! to
41 Wg~1, indicating relative homogeneity in the coil central region (1 cm?). The optical
fiber position in the ferrofluid sample also influences the SLP values, as it was proved in
the above work. Accordingly, the recorded temperature varied from the highest value
recorded in the middle of the sample to the bottom of the sample by 5%, to the sample
surface by 7%, to the left side of the sample by 5% and to the right side of the sample by 2%.
The effects of the size and shape of the sample vessel on SLP were also investigated in four
cases: three vessels made of glass (with the same specific capacity of 800 ] kg~! K~! and
one vessel made from plastic with specific heat capacity of 1900 ] kg~* K~1). All vessels
had different shapes. The field parameters were 765 kHz and 20 kAm~!. Each vessel had
the sample (1 mL at 1 mg mL~!) partially or fully contained in the coil inner space. The

137



Coatings 2025, 15, 345

glass vessels had their sample’s volume of 63%, 100%, and 100% contained inside the coil,
and the plastic vessel had only 21% the sample volume inside the coil. This was reflected
in the low SLP value of around 40 Wg~! obtained for the sample contained by the plastic
vessel compared with the glass vessels, where the SLP was found to be between 350 and
around 500 Wg~!. In the case of those two ferrofluid samples contained by glass vessels
fully inside the coil, the SLP values varied between 350 and 400 Wg_l. The maximum
SLP of 500 Wg~! was recorded for the ferrofluid samples contained in a proportion of 63%
inside the coil. In this case, the vessel shape could be the cause.

These peculiar aspects commented here are not discussed in the MH literature enough,
but they are experimental pitfalls, influencing the reported SAR results. Therefore, SAR
evaluation by calorimetric techniques represents a challenge in these technical circum-
stances. Special experimental setups and innovative methodologies capable of mitigating
their effects are required to allow comparable SAR results to be reported. Below are de-
scribed different experimental approaches implemented in SAR evaluation to avoid or to
compensate for heat loss.

3.2.2. Initial Slope (IS) Method (Sketched in Figure 3a)

The most used technique for trying to avoid the effects of heat loss is to record the
temperature increase just for a small period of time at the beginning of the MH process
with the assumption that the sample “does not have enough time” to lose heat in the
surrounding environment. This technique analyzes only the initial part of the heating
curve, which is properly fitted with the linear approach to extract the maximum heating
slope. Hence, Equation (4) becomes

SAR = ¢ X |AT/At|,_g = € X Pinitial ©)

The crucial condition involved here is related to the thermodynamic equilibrium
between the sample and the external environment during the MH measurement. Multicore
flower-like iron oxide MNPs of 23 nm and 56 nm coated with oleic acid subjected to
23.8 kAm~! and 202 kHz MH experiments showed SAR values of 305 and 1540 Wg~!,
respectively [83].

3.2.3. Box-Lucas (BL) Method (Sketched in Figure 3b)

Another very popular method used for heat slope evaluation (AT/At) is based on the
fitting of the heating curve by the Box-Lucas model: T = Ty + Tmax (1 — e’Bt) , where Tp—
the equilibrium temperature; Trmax—the maximum heating temperature; t—the heating
time; and B—a fitting constant. The product (T, x B) gives the maximum heating slope.
Tithito et al. [84] reported SAR values of 9.44 Wg’l calculated with the BL method for the
field parameters of 6.03 kAm~! and 130 kHz and (Mn, Zn) Fe,O, SPM-NPs integrated in an
apatite-based composite material. In [85], calorimetric MH experiments on monodisperse,
15 nm sized oleic acid-coated CoFe;O4 cubic nanoparticles were performed by using a
commercial device (DM100—nBnanoscale Biomagnetics, Quantum design Europe, Les
Ulis, France) and the BL protocol. The heating curves were recorded for a strength field
of 15.89 kAm ! and different frequencies (252 kHz, 323 kHz, and 397 kHz). Using the BL
and IS methods SAR calculated values showed considerable difference between these two

methods. For instance, at 323 kHz, SARg;, was 104.18 Wg_l, and SARg was 65.86 Wg_l.
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Figure 3. Sketches of the heating slope methods: (a) initial slope (IS) method; (b) Box-Lucas (BL)
method; (c) temperature increase slope (TIS) method; (d) thermographic (TE) method.

3.2.4. Temperature Increase Slope (TIS) Method (Sketched in Figure 3c)

Another heating slope method was developed in [86]. In the work, the authors
demonstrated consistent errors in SLP measurements even though the field parameters
and sample’s volume and shape were identical for each experiment. Coupled effects
between the magnetic field inhomogeneities generated by the coil geometry and particle
distributions in the sample volume were identified as main sources of errors. Therefore,
they implemented a method that evaluates SLP from the maximum slope of the MH
heating curve in few steps: (a) subtract the initial sample temperature; (b) subtract the
temperature of the blank sample (fluid without nanoparticles) recorded under identical
MH conditions; (c) make a linear-least-squares fit of an arbitrary chosen range from
the temperature increase curve; (d) validate the quasi-adiabatic conditions met by the
chosen time-temperature range through the inspection of the first derivative of the net
temperature increase: [AT,(th+1) — ATnet(tn)]/ (tat1 — tn), where th 1 — tn = 0.4 s—the
time step resolution. Along with the mean value of the rate of temperature rise, these values
should not exceed 5% of the net temperature increase slope. The method was validated
by MH experiments performed on different dextran- and citrate-coated magnetic water-
based colloidal systems in a range of RF frequencies (150-375 kHz) and field intensities
(4-44 kKAm™1). The average SLP reported values ranged between 108 and 383 Wg~1.

3.2.5. Thermographic Evaluation (TE) Method (Sketched in Figure 3d)

The thermographic approach of MH was investigated in experiments were glucose-
coated iron oxide 25 nm nanoparticles dispersed into different polyacrylamide gels, for
emulating intracellular viscosity, were subjected to RF magnetic fields of 32 kAm ! and
350 kHz [73]. The temperature behavior (heating and cooling curves) of the samples was
monitored through a commercial thermographic camera before, during, and after the MH
experiment. A sample of discoidal shape of 13 mm in diameter was inserted inside a
holder adjusted in the inner space of an RF coil. The method evidenced a difference in the
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maximum temperature increase between the center and periphery of the sample of around
5 °C. The radial temperature distribution offers information about lateral thermal gradients.

3.2.6. Adiabatic Heating Curve Methods (Sketched in Figure 4a,b)

Iacob et al. [69,75] proposed two simple methodologies involving the recording of
time—temperature behavior in both the MH heating regime and the cooling regime, where
the sample is subjected to natural convection after the RF magnetic field is turned off. This
can be performed continuously, where the temperature is recorded in the entire ranges
of the heating and cooling processes (heating and cooling curves—HCCs), or in steps,
where the temperature is recorded in successive short intervals in both heating and cooling
regimes in correspondence to the intervals of the application of the magnetic fields (heating
and cooling steps—HCSs).
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Figure 4. (a) Sketch of heating cooling step method and (b) sketch of heating cooling curve method.

In the case of the HCS method (Figure 4a), the experimental points are fitted with
linear functions in order to extract the heating and cooling velocities (viy(T) and vc(T)) in
correspondence to the temperature points [75]. The continuous dependence of viy(T) and
vc(T) is further obtained by the proper fitting of the experimental points. The next step is
to numerically compute the adiabatic heating velocity as va(Tn) = vy (Tn)+|vc(Tn)| at
all temperature points equally separated in arbitrary mode (T4 — Tn = AT = constant)
in the experimental range ([To, T, ..., Ty|). The AT/vA(Tn) = Aty 41 ratio gives the time
required for the temperature to increase between two consecutive points. The summation
of all these time intervals }_,_j Aty n4+1 provides the time during which the temperature
increases from Ty to Tn. The generation of the adiabatic heating curve Tn (tn) is, therefore,
possible by the inverse representation of the t,(Tn) values. Based on the experimental
va(Tn) values, the volume fraction dependence of the input power (qp) from the bioheat
equation was calculated in the MH temperature range. Accordingly, qp ranged between
0.05 and 0.5 Wem 3.

In the case of the HCC method (Figure 4b), a more versatile way for calculating the
adiabatic heating behavior based on experimental data was developed [69]. The heating
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and cooling temperature profiles are acquired continuously in the MH process and during
natural convection after the magnetic RF field is turned off. The cooling temperature curve
that contains information about heat loss due to thermal gradients around the ferrofluid
sample can always be fitted by an exponential function: T¢(t) = ace™"/bc 4 cc, with ac,
bc, and cc the fitting parameters. The heating curve may be fitted in the general case by
polynomial functions, i.e., Tz (t) = amt™ + ap_1t™ 1 + - - - ag, with ap, the coefficients, but
for low heating rates, it can be fitted by exponential functions: Ty (t) = apge VPH 4 ¢,
with ay, by, and cy the fitting parameters (by < 0). In the case of low heating rates
(under 0.1 °C/s), the derivative of the exponential heating and cooling profiles gives
the temporal heating and cooling rates (vy(t) and vc(t)). Next, by using a simple
mathematical trick of eliminating the time variable that is either numerical or analyti-
cal between vy (t) and Ty (t), and ve(t) and Te(t), the correspondence between heating
and cooling rates ((viy(T) and vc(T), respectively) and temperature is thus obtained:
vH(T) = (cyg —T)/by and vc(T) = (cc — T)/bc. By following the same procedure as
in the temperature step approach, the experimental adiabatic heating curve Ty*(t) is
constructed. In the case of high heating rates, where the heating curves are fitted by
polynomial functions, the correspondence t, (Ty) can be simply found by solving the equa-
tion agtn® + astn® + - - - a9 = Tn, where (ay, . . .,a4) are polynomial coefficients. The heating
velocity vy (tn) is obtained by numerically evaluating the derivative of the polynomial func-
tion at each t,. But t, corresponds to Ty, and the viy(Ty) dependence is found. Next, the
adiabatic heating rate v4 (Tn) and Ti*(t) are easily computed. In this case, the less linear
profile of the adiabatic heating curve is evidenced. If the Rosensweig model (Equation (1))
is computed with the physical parameters of the real nanoparticle system as input values,
the dissipated power Py can be calculated at each consecutive point T, of the experimental
temperature range. Therefore, the heat dissipated becomes Q = Py-Aty ny1 = m-c-ATq 41,
and tn(Tn), the time needed for the temperature to increase from Ty to Ty, is obtained
by summation: t,(Tn) = Y A(tn, th+1). In this way, a theoretical heating curve can be
generated by the inverse representation of t,(Tn). These two methodologies, relied on
the continuous and step MH approaches, are strongly validated by the overlapping of
both heating profiles: the experimental adiabatic and the theoretical one in the case of
SPM nanoparticle systems. Nevertheless, poorer overlapping is observed in the case of
high heating rates (the samples with high nanoparticle concentration), possibly induced
by changes in SPM nanoparticles’ behavior resulting from magnetic dipolar interactions
or due to thermal inertia that induces deviation from linear heat transfer behavior. Both
experimental approaches used oleic acid-coated FezO4 SP-MNPs dispersed in a polar fluid
(transformer oil [87]) in low- and high-volume fractions (0.004 and 0.15). The sample vials
were positioned in a PVC tube with vacuum walls centered in a commercial 235 kHz RF
coil setup. The main advantage of these methods is given by the simple construction of the
experimental setup. The mathematical approaches are also not complicated.

3.2.7. Modified Law of Cooling (MLC) Method (Sketched in Figure 5)

A similar method that accounts for heat loss is described in [88]. Accordingly, from
the theoretical perspective, the method is based on the modified law of cooling:

dQ/dt = mCpdT/dt + UA(T — Teny) (10)

where Q—the thermal energy; m—the ferrofluid mass; C,—the specific heat of the fer-
rofluid; U—the heat transfer coefficient; A—the effective surface area of the sample; T—the
measured temperature; and Teny—the environment temperature. The first term on the
right side of Equation (10) represents the experimental heat recorded during MH, and the
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second term is the heat lost to the environment. Divided by mC,,, Equation (10) may be
written as

dT'/dt = dT/dt + k(T — Teny) 11)

where T'—the adiabatic temperature (if the heat loss did not exist); k = UA/mCp—a time
constant. The k value is determined by the condition dT/dt = 0, the case when the RF field
is turned off. By fitting the experimental heating curve with Equation (11), the adiabatic
heating curve is subtracted. For more accurate SAR results, the reference heating curve
from the blank ferrofluid sample was subtracted. By using the MLC model, Chalkidou
et al. reported SAR values up to 400 Wg~! in MH in vitro experiments.
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Figure 5. Sketch of MLC method.

3.2.8. Effective Thermal Conductance (ETC) Method (Sketched in Figure 6)

A general equation relies on a developed thermodynamic approach for determining
the SLP factor containing terms corresponding to different thermodynamic regimes: adia-
batic approximation, and non-adiabatic and non-radiating conditions; the isothermal case
may be found in [89]

dr 1
dt

€ (T — Tair) +
mnp mnp

SLP = Lcsusp onA; (T4 - Tgir) (12)
Mpp
where mpp—the nanoparticle mass; Csusp—the heat capacity of the nanoparticle suspension;
€—the effective thermal conductance of the sample’s surrounding environment; c—the
Stefan—-Boltzmann constant; n—the emissivity; and A—the total sample surface. HM
experiments performed on Fe;04 and MgFe,O4 nanoparticles of different sizes dispersed
in water under non-adiabatic and radiating conditions validated the equation with high
accuracy. Curves for heating under the RF field conditions of 70.5 kHz and 70 Oe and
cooling curves were recorded, and by their proper fitting, the € parameter and finally the
SLP were obtained. The heating curves were fitted by Equation (12), and the cooling curves
were fitted by the equation
€ ¢
T(t) = Tair + ATmaxe Cousp (13)
which is written for the cooling process when the magnetic field is turned off. In this case,
SLP = 0, and ATmax = Tmax
the environment at the moment when the field is suppressed. In respect of the size, the

— T,ir is the temperature difference between the sample and

reported SLP values were greater for Fe;04 nanoparticles (e.g., 0.86 Wg~! for 13.4 nm
particle size) than for MgFe,O, nanoparticles (1.6 Wg~! for 12.7 nm particle size).
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Figure 6. Sketch of ETC method.

3.2.9. Evaluation of Nanoheater Temperature (ENT) Method (Sketched in Figure 7)

Another SAR evaluation method under non-adiabatic conditions that computes heat
loss based on recording both heating and cooling curves was developed in [90]. In the study,
the MH setup is completed with a water shell surrounding the magnetic fluid sample based
on Fe3O4 nanoparticles in order to protect the sample against possible short temperature
variations from the environment. The entire holder is placed in a home-made RF device
working at 100 kHz. The SAR is evaluated through a developed methodology relying on
solving a set of coupled differential equations describing the heat exchange between MH
setup components:

p_ CSTTS ITa(t) — Tor ()] = coms dTCi t(t) (14)
SR~ Tw(y) — RS T, () Ty < qmy T 1)

where P—the power term; ¢ and mg—specific heat and mass of the heat source (nanoparti-
cles); cw and my—specific heat and mass of water; T;—the time constant of the heat ex-
change between the nanoparticles and water; Ts—the nanoparticles’ temperature; Tyy,—the
temperature of water; T, and T,2—the time constants of exponential functions that fit
the cooling curve of the magnetic fluid sample under natural convection conditions; and
T4 = 23.5 °C—the equilibrium temperature of the environment. The methodology exploits
the thermal equilibrium condition attained during the MH process when the heat released
by the nanoparticles is completely lost in the environment. In this situation, the system of
equations is reduced to

(Typ + Tw2)CwMy [

Tw1Tw2

P = Ty — T (16)

where Tyy—maximum temperature reached in the heating process when the sample enters
the thermal equilibrium. It brings some complexity regarding the experimental setup and
mathematical methodology, also involving a calibration procedure, but has, as a main
advantage, the possibility of estimating the temperature of the magnetic nanoheaters
dispersed in the fluid sample. Based on this model and by using two Fe3O4 nanoparticle
samples, one of 50-100 nm particle size and other of 10-20 nm particle size, the calculated
SAR has an approximatively linear dependence in respect of the field amplitude for both
samples, reaching higher values for the larger particles (about 170 Wg~! for 90 mT).
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Figure 7. Sketch of ENT method.

3.2.10. Peak Analysis (PA) Method (Sketched in Figure 8)

Based on a heat diffusion equation, the SLP was calculated by a new method
called the Peak Analysis Method (PAM) using a 1D temperature diffusion model and
a zig-zag protocol of intermittent heating and cooling steps [91] (similar to [75]). Ac-
cordingly, the temperature variation in the 1D of the MH system can be written as
AT /ot =« (BZAT /9x%) +S, where «= k/pc—the thermal diffusivity (k—the thermal
conductivity; p—the sample density; and c—the heat capacity); S = SLP/pc—the heating
source; and AT = T — Teny. The method calculates SLP at the point (peak) of the tran-
sition between the heating and cooling curves. Around this peak, the effects of loss are
minimized, and the temperature profile is practically unchanged. Therefore, the source

heat may be written as S = \8AT/8t|heating - |8AT/8t|Coohng.

The experimental validation

of this approach was performed by using three devices with the same field parameters
(~165 kHz and 35 mT) with which a 1 mg/mL magnetite nanoparticle suspension was
heated. The temperature was acquired with an optical fiber thermometer. The SLP val-
ues were compared with those obtained from a single heating—cooling cycle experiment
recorded on the same devices. The SLP values (around 300 Wg~!) were consistent for all
three devices in the zig-zag protocol, drastically reducing the errors between the devices

and the measuring time of the SLP evaluation.

SLP/pc = |6AT/at|heating - |6AT/at|cooling
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Figure 8. Sketch of PA method.

3.2.11. Pulse Heating (PH) Method (Sketched in Figure 9)

In [92], an alternative method for SAR evaluation in MH experiments claims high
precision due to non-transient measurements. The experimental setup is complicated, pro-
viding the almost adiabatic conditions accomplished by maintaining a controlled thermal
equilibrium between the environment and the fluid sample. The method is based on apply-
ing consecutive AC magnetic pulses that generate heating ramps in a ferrofluid sample. It
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is assumed that the entire the heat generated during a heating pulse remains in the sample,
allowing for the measurement of the adiabatic temperature increment (AT). The method
has, along with precision, the advantages of measuring low SAR values. This was experi-
mentally proved by heating, under 108 kHz and 1.1 kAm~! field conditions, a ferrofluid
sample of Fe304 nanoparticles of 50 nm in hydrodynamic diameter and 100 mg mL ™!
concentration. Each heating pulse was delivered in 600 s and generated a temperature
slope of 2 x 10™* °C/s, corresponding to a low SAR value of 0.217 Wg~!.

Pulse Heating

T (°C)

PH

t(s)

Figure 9. Sketch of PH method.

3.2.12. Discussion

The heat slope (IS, BL, and TIS) methods do not imply a complex experimental setup
and do not account for heat loss, which is very important in MH experiments that involve
very low heating rates. IS and BL are quite simple-to-compute methods, but the TIS method
requires some computational effort. However, all these methods work very well in the case
of significant heating rates. Both the BL and TIS methods offer higher accuracy compared
with the IS method, but the BL method may be preferable due to simplicity. Good thermal
insulation of the sample is recommended for all these methods.

The HCS and HCC methods do not involve complicated experimental conditions and
computation. They allow for the reconstruction of the adiabatic heating curve and work
very well for low heating rates (under 0.1 °C/s). At high heating rates, the methodology
cannot accurately predict the entire MH adiabatic heating behavior. However, the HCC
method is easier to implement. The MLC method is a similar method that allows for the
reconstruction of the experimental adiabatic MH profile and is not hard to implement
experimentally. The method proved to have high accuracy. The ETC method has been
experimentally proved to have high accuracy in SLP evaluation, but its disadvantage is
the inability to reconstruct the experimental adiabatic curve. However, this aspect may
be useful only when nonlinear heating behaviors exist. The ENT methodology developed
can calculate the temperature of nanoparticles dispersed in ferrofluid. The complexity of
the experimental setup and evaluation methodology gives the method a disadvantage.
Based on applying consecutive AC magnetic pulses, the PH method claims high precision
even in the case of low SAR values (as experimentally proved). The disadvantage of the
PH method is given by the difficulty of its experimental implementation. The PA method,
along with the zig-zag protocol, demonstrated high accuracy in SLP evaluation, compared
with other methods, but not easy experimental implementation. The TE method is a simple
and interesting method with the advantage of the recording radial thermal gradients. For
high-accuracy results, the method requires quasi-adiabatic protection of the sample and a

145



Coatings 2025, 15, 345

high-resolution camera. However, there is a problem with the implementation of thermal
protection at the sample side towards the IR camera. A low-thickness sample would have
the advantage of eliminating the volume thermal gradients.

Regarding the calorimetric evaluation methods, there is an important issue related to
the accuracy of the reported SAR results. Different evaluation methods involving different
experimental setups and mathematical approaches provide SAR values that are more or less
accurate. The errors induced by the method principles cumulate with errors induced by the
thermal transfer between setup components and the magnetic fluid properties [82,91,93].
A possible solution may be the standardization of these calorimetric methods, but this
cannot be successful without the standardization of the physical equipment involved in
MH experiments. In the case of well-established experimental techniques, such as X-ray
diffraction, electron microscopy, and magnetometry, standardized commercial devices
are utilized. The question, therefore, arises as to why standardized devices for SAR
measurements are not employed in the context of magnetic hyperthermia. While there
are indeed such devices on the market, they are limited in terms of the range of models
and available options. It is very important that for the same field parameters set in
every MH experiment performed around the globe, the RF coil has the same geometry
and surrounding environment. This can be accomplished only with standardized MH
equipment. This equipment should come with integrated working protocols (regarding
sample concentration, ferrofluid stability, and type of coating), calculation methodologies
(proper methods for specific heating rates), and possible calibration samples.

3.3. Magnetic Methods in SAR Evaluation

Dynamic magnetic hysteresis measurements performed in the MH frequency regime
bring high accuracy in SAR evaluation [76,94-99], but commercial devices that deliver
proper field intensities are not available. Instead, diverse locally implemented solutions
have been built with good results [94,95,98]. Comparative analyses with calorimetric
methods have been performed, indicating good agreement [94,95]. The advantages of this
technique are mainly given by the speed and accuracy of measurements. Drawbacks are
given by the impossibility of measuring hysteresis loops in the case of SMNPs. For that, AC
susceptometers working at MH frequencies have been built in different laboratories because,
commercially, they are not available [77,100,101]. Most commercial devices (e.g., PPMS by
Quantum Design) for magnetic measurements allow for x” measurements as a function
of temperature and field parameters (f < 10 kHz and Hy < 1.2), which are not useful
in the range of MH. Each magnetometer technique has advantages and disadvantages
regarding the type of nanoparticles that can be investigated. These techniques also are not
standardized, allowing for errors between different experimental setups that may arise
from the quality of electronic components, calibration procedures, and working protocols.
Hence, building standardized AC magnetometers/susceptometers for MH application on
a large scale is clearly a necessity.

4. Effects of Coating Layer on SAR

The hydrodynamic volume of a particle is strongly influenced by the thickness of the
organic coating layer, thereby reducing the magnetic dipolar interactions and avoiding
particle agglomeration. This is very important in preserving the superparamagnetic behav-
ior in fine MNP assemblies. On the other hand, the organic layer may suppress Brownian
relaxation. The organic layer may also chemically interact with the magnetic atoms on
the particle surface, creating a disordered magnetic shell and affecting saturation magneti-
zation. In these circumstances, the organic coating layer exerts a significant influence on
MNP heat efficiency. Spherical magnetite nanoparticles with a mean diameter of 13 nm
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coated with different surfactants (citric acid (CA), dextran (DEX), and (3-aminopropyl)
trimethoxysilane (APTES)) were subjected to MH calorimetric experiments with the RF
field parameters of 15.9 kAm~! and 250 kHz [102]. Furthermore, the SAR was evaluated
in naked Fe3O4 nanoparticles. The hydrodynamic diameter was found to be 20.8 nm for
the naked Fe3O4 nanoparticles, 46.9 nm for Fe304@CA, and 76.6 nm for Fe;O4@APTES.
The Fe304@CA and Fe3O4@APTES samples exhibited relatively appropriate SAR values of
65.8 Wg~! and 67.2 Wg~!, respectively, compared with the uncoated Fe30, nanoparticles
(63.4 Wg~1). The Fe;0,@DEX sample demonstrated a lower SAR value (55.6 Wg™1). The
Fe;0,@CA and Fe;O4@APTES nanoparticles demonstrated higher SAR values in compari-
son to the uncoated ones due to better dispersion stability. The FesO4@DEX nanoparticles
exhibited the highest hydrodynamic diameter and the thickest organic layer, which exerted
a significant influence on Brownian loss and the SAR value, respectively. Furthermore,
the high thickness of the DEX layer induces magnetic disorder at the particle surface,
decreasing the saturation magnetization and, correspondingly, the SAR [102].

MH experiments conducted with varying field parameters in coated and uncoated
iron oxide SPM-NPs demonstrated, by the Box-Lucas method, a decrease in SAR values
in the case of the coated particles [103]. In the study, the dextran-coated Fe;O, nanoparti-
cles with a hydrodynamic diameter of 352 nm exhibited significantly lower SAR values
(247 Wg~1) compared with the naked Fe;O4 nanoparticles with a hydrodynamic diameter
of 52 nm (997 Wg™1). This reduction in the SAR is attributed to a decrease in Brownian
motion. The MH heat efficiency of Fe30O4 nanoparticles coated with sodium citrate and car-
boxymethyl cellulose (CMC) was investigated through dynamic hysteresis measurements
performed at 69 kHz for 13.3 and 24.8 kAm ! and calorimetric measurements performed at
100 kHz and 48 kKAm ™! [104]. The dispersion of the citrate-Fe30, nanoparticles in solution
and their smallest hydrodynamic mean diameter were found to be directly related to the
highest SLP values (99.8 Wg’l) obtained from calorimetric measurements. In contrast,
the naked Fe30O4 nanoparticles with a hydrodynamic diameter of 135 nm demonstrated
complete sedimentation and a SAR value of 60.4 Wg~!. Furthermore, the CMC-coated
Fe304 nanoparticles with a hydrodynamic diameter of 152 nm exhibited a SAR value of
50.8 Wg~!. The dynamic hysteresis measurements shown the largest loop area for citrate—
Fe304 and the smallest for uncoated Fe3O4 nanoparticles. The magnetic measurements do
not account the Brownian relaxation contribution.

Another important factor that influences MH performance is related to the heat
transfer capacity of the coating layer. Various coating molecules and their geometrical
configurations around the nanoparticle define the heat transfer behavior between the
magnetic core and the environment. In [105], a study on the influence of the thermal
diffusivity of different coating molecules on the SAR is performed. Magnetite nanoparticles
of around 10 nm in size coated with palmitic (PA) and stearic (SA) acids were subjected
to MH experiments under similar RF field conditions. The SAR values obtained for SA
were 36.1%, higher than in the case of PA. Numerical simulations generated similar SAR
values for setting the thermal diffusivity of SA at a 1.7 value, higher than for PA. Based
on numerical simulations, another work [106] showed that both polymer layer thickness
and its density influence MH performance. It was demonstrated that for a given coating
thickness, the SLP has a polynomial dependence with respect to the surface layer density.
The SLP slightly decreased with the increase in layer thickness, reached a minimum value
and increased again with the increase in thickness. This behavior was explained by the
competition between the steric forces (repulsion) and magnetic dipolar forces (attraction).
This allows one to tune MH by controlling the thickness of the polymer coating.

Lazaro et al. [93] reported MH experiments using naked and different-polymer-coated
magnetite/maghemite nanorods of 40 nm. The calculated SAR values for the same fre-
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quency of 144 kHz and different field amplitudes showed higher values for the naked
particles than for the coated ones. The SAR values differences between the naked and
coated particles increased with the field amplitude (at 23 kAm !, the SAR for the naked
particles was around 150 Wg~!, and that for the coated particles was two times smaller).
Keeping the field amplitude at the same value of 17 kAm ™!, at different frequencies, the
SAR values were relatively unchanged for the coated nanorods (about 15 Wg~1), but the
naked nanorods’ SAR showed significant higher values, which dramatically changed with
frequency and reached 80 Wg 1.

5. SAR at Cellular Level

Nanoparticle clustering in tumor cells has been experimentally observed, particu-
larly when the particles are functionalized for targeting specific cellular components [36].
Therefore, optimizing the injected magnetic fluid doses, particle volume fraction, and
their shape and size emerges as a pivotal task to preserve the heat dispersion efficiency
of the nanoparticles utilized in MH. Conversely, a specific geometrical configuration of
a nanoparticle cluster might prove advantageous in facilitating optimal heat transfer to
the targeted cellular component to hinder its functionality. As previously mentioned,
the cellular effects of magnetic hyperthermia are predominantly influenced by the heat
transfer in the proximity of the nanoparticle. A cluster of nanoparticles measuring a few
nanometers is comparable in dimensions to subcellular components. From this perspective,
the size and shape of the cluster may be optimized with respect to the size of the cellular
component to ensure efficient heat transfer. Additionally, large particles (hundreds of nm)
that can be internalized by cells and come into physical contact with the thermosensitive
part of the cell are of particular interest in cellular hyperthermia [16,107]. These particles
dissipate thermal energy through hysteresis loss, exhibiting, in general, a lower SLP fac-
tor compared with SPM-NPs. However, the total thermal energy transferred to a vital
component of the cell may exceed the minimum necessary for it to lose its functionality.
Another type of nanostructure that is of interest in the context of cellular hyperthermia
is the nanoflower [83,108,109], which possess particular shapes and complex geometries,
allowing it to attach to cellular components in specific ways that lead to amplifying the heat
transfer. In this regard, the significance of the SAR/SLP/ILP diminishes when assessing
the consequences of hyperthermia at the subcellular level. Cellular MH is a new and more
focused research direction in cancer hyperthermia that requires advanced knowledge in the
biology and biochemistry fields regarding the physical and chemical interactions between
magnetic nanostructures and cellular components.

6. Conclusions and Remarks

Magnetic hyperthermia constitutes an alternative therapeutic approach for the treat-
ment of cancer. Its principal mechanism of action involves the generation of heat in a tumor
tissue (by embedding a system of MNDPs) subsequent to the application of a radiofrequency
field. The MNPs release heat by specific magnetic relaxation processes, Neel and Brownian
relaxation [65], or hysteresis losses [76,94-99]. It is well established that cancer cells ex-
hibit heightened sensitivity to temperature increases that surpass physiological thresholds,
leading to a process known as apoptosis.

In the classical MH approach, the implementation at the clinical level necessitates
prior knowledge of the magnetic material distribution within the tumor tissue and the
magnetic field parameters that can be utilized under safe patient conditions. This can be
achieved through the theoretical and experimental modeling of magnetic hyperthermia.
From a theoretical standpoint, the modeling of magnetic hyperthermia can be achieved
through the utilization of the BHTE equation [75], contingent upon the availability of
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data pertaining to the power dissipated in the tissue (gp) by the mechanisms of magnetic
hyperthermia and the bio-thermodynamic parameters of the tissue in normal physiological
metabolism. To determine the gp term, it is necessary to employ laboratory experimental
methods involving calorimetric and magnetic measurements.

Calorimetric measurements face limitations in directly evaluating the gp term due to
their inability to maintain adiabatic conditions, which are required to avoid heat loss. In a
real, non-adiabatic system, the most straightforward and accessible method to circumvent
the impact of heat dissipation is to consider the initial heating slope (IS) solely [83] of the
temperature curve recorded during magnetic hyperthermia. For higher SAR evaluation
accuracy, similar methods (BL and TIS) relying on finding the maximum heating slope
have been developed [84-86] Despite their versatility, the IS, BL, and TIS methods have
drawbacks, particularly for slow magnetic hyperthermia processes, where the ferrofluid
samples may lose considerable heat with respect to that produced. Another strategy is not
to avoid the heat loss but to record it to reconstruct the experimental adiabatic heating curve.
For this purpose, various simple or advanced heat loss calorimetric methods providing
high accuracy results [69,75,88-92] have been developed based on the consideration of the
heat loss induced by the thermal conduction between the experimental setup components,
natural convective cooling, and radiative loss. If the heat slope methods give good results
in the case of significant heating rates, the heat loss compensation methods could be
complementarily used in the case of low heating rates (<0.1 °C).

Magnetic methods (dynamic hysteresis and susceptibility measurements) are versatile
and provide accurate and rapid information on the MNP response in alternating magnetic
fields [76,94-99]. The principal disadvantage of these techniques is that magnetometer
devices operating in the range of magnetic hyperthermia field parameters are not commer-
cially available, only locally constructed in the laboratory, but provide remarkable results.

Unfortunately, MH experiments have proved important variations in SAR results
collected with different evaluation methods and devices [82,91,93]. Therefore, it is hard
to believe that all these evaluation methods and methodologies are able to allow for a
comparison with high-accuracy SAR values obtained from different laboratories around
the world without involving standardized measurement equipment and protocols. The
standardization of the equipment and working protocols represent the unique way to
avoid the pitfalls given by a wide class of experimental factors, i.e., various geometries
used in coil building, their cooling systems, ambient thermal conditions, the volume and
shape of the sample’s holder and its material composition, ferrofluid volume fraction and
suspension stability, etc., in the case of the calorimetric approach and different electronic
parts, constructive design, and calibration protocols in the case of the magnetic approach.

At the cellular level, heat dissipation during hyperthermia exerts a specific influence
on the growth and multiplication capacity of tumor cells. While the underlying mech-
anisms remain to be fully elucidated, ongoing research endeavors seek to identify the
heat-sensitive cellular components that could expedite the process of apoptosis following
magnetic hyperthermia treatment. In this regard, a novel trend in the study of magnetic
hyperthermia entails targeting specific subcellular structures within the cytoplasmic en-
vironment or extracellular matrix [30-41]. This approach aims to localize the effect of
magnetic hyperthermia and optimize the utilization of MNPs and applied fields. This
objective can be achieved by binding molecular vectors with chemical affinity for specific
cell receptors to the nanoparticle surface. In addition to the effects of cellular magnetic
hyperthermia, scientific interest has shifted to the study of the kinetic effect [45-47,49,50]
of nanoparticles on subcellular components by applying low-frequency magnetic fields to
nanostructures with high magnetic anisotropy (nanodisks, nanorods, nanoflowers, etc.).
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The oscillations and vibrations of these particles have the potential to induce local cellular
damage, thereby triggering apoptosis processes.

Considering the classical aspects of magnetic hyperthermia, but also the new trend to
focus the effect of MNPs on cell growth and proliferation mechanisms at the cellular level,
questions inevitably arise: What is the relationship between the SAR/SLP/ILP and the
local effect of magnetic hyperthermia on the cellular infrastructure? Does it still make sense
to consider the power dissipated by MNPs in tissue a continuous macroscopic variable?
Or should we focus our scientific interest on local thermal and mechanical effects at the
subcellular level, looking for the optimal way to release the heat and kinetic energy of a
single nanoparticle or a cluster of nanoparticles? In this case, we would need to find ways
of expressing SLP/ILP for a single particle, incorporating the kinetic term. However, it is
difficult to establish a link between the power (caloric or kinetic) dissipated by a single
particle and its effect on cellular metabolic mechanisms. In this way, the new approach to
magnetic hyperthermia becomes highly specialized, adding destructive mechanical effects
to the thermal ones. Depending on the targeted cell part, combining these effects could
be the safest way to approach magnetic hyperthermia. The temperature achieved in the
proximity of the nanoparticle surface has become the new variable of interest in cellular
hyperthermia and innovative ways of measuring it must be found. Most of the research
in the MH field is performed by chemists and physicists, but a strong involvement of
biologists and biochemists is crucial to understanding the fundamental cellular mechanisms
of interactions between magnetic particles and cells. Therefore, designing optimal MH
approaches of high precision and efficiency without side effects is necessary. It is like in
a modern war: instead of using a lot of low-precision projectiles, you can use a few with
high targeting precision. High local heat waves and kinetic disrupting effects targeting
the most thermally and structurally sensitive parts of the cell will probably be the magic
bullet in MH. However, until there is a long and challenging process, material and design
optimization steps in nanoparticle production should be carried out continuously. On the
other hand, a systematic and complex review of all clinical and preclinical experimental
results, including the vast number of in vitro and in vivo experimental results, is needed
to provide focused research directions. This may be possible with the new Al algorithms.
Therefore, a unified perspective on the SAR at the macroscopic and cellular levels is more
than welcome.
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Abstract: Fabrication aspects of PdO thin films and coatings are reviewed here. The work provides
and organizes the up-to-date information on the methods to obtain the films. In recent years,
the interest in Pd oxide for different applications has increased. Since Pd can be converted into
PdO, it is instructive to pay attention to the preparation of the pure and the alloyed Pd films,
heterostructures, and nanoparticles synthesized on different substrates. The development of PdO
films is presented from the early reports on coatings” formation by oxidation of Pd foils and wires
to present technologies. Modern synthesis/growth routes are gathered into chemical and physical
categories. Chemical methods include hydrothermal, electrochemical, electroless deposition, and
coating methods, such as impregnation, precipitation, screen printing, ink jet printing, spin or dip
coating, chemical vapor deposition (CVD), and atomic layer deposition (ALD), while the physical
ones include sputtering and cathodic arc deposition, laser ablation, ion or electron beam-induced
deposition, evaporation, and supersonic cluster beam deposition. Analysis of publications indicates
that many as-deposited Pd or Pd-oxide films are granular, with a high variety of morphologies and
properties targeting very different applications, and they are grown on different substrates. We note
that a comparative assessment of the challenges and quality among different films for a specific
application is generally missing and, in some cases, it is difficult to make a distinction between a film
and a randomly oriented, powder-like (granular), thin compact material. Textured or epitaxial films
of Pd or PdO are rare and, if orientation is observed, in most cases, it is obtained accidentally. Some
practical details and challenges of Pd oxidation toward PdO and some specific issues concerning
application of films are also presented.

Keywords: thin films; deposition routes; Pd; Pd alloys; PdO; oxidation of Pd

1. General Considerations on the Growth of PdO Films and Early Research as the
Background of the Present Study

1.1. General Considerations on the Growth of PdO Films

According to the International Union of Pure and Applied Chemistry (IUPAC) [1], “A
film is defined as a generic term referring to condensed matter restricted in one dimension.
The term thin film is associated to a film whose thickness is of the order of a characteristic
scale (i.e., a parameter which characterizes the density profile of a given physical quantity,
which can have a static—equilibrium—or dynamic character that should be specified,
e.g., terms out of plane and in plane refer to characteristic lengths normal or parallel to
film surface, respectively) or smaller. Since a film may ‘look” operationally thin or thick,
according to the procedure applied, it is recommended that the measurement procedure
employed be specified (e.g., ellipsometrically thin film, optically thin film, or, e.g., thick
compared to the electron mean free path, thin compared to the optical wavelength, etc.)”.

In this review on preparation techniques of palladium oxide films, the presentation
will stick to understanding that films are 2D objects and they are obtained on a substrate,
unless otherwise mentioned, as for the cases of free-standing films. Thickness below about
10-30 nm, i.e., containing up to ~100 Pd(II) oxide unit cells (tetragonal with lattice constants
a = 0.3035 nm and ¢ = 0.5323 nm [2]), is often associated in the literature with the term
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‘“ultrathin’ films. Typical thin films are usually of few hundreds of nm, while thick films
exceed 1 um in thickness.

It is emphasized that many of the palladium oxide films are granular (i.e., composed
of individual, well-defined particles with simple or complex morphologies). Often, a clear
delimitation between the methods and procedures to obtain particles in a powder (on a sub-
strate) and in a thin film is not possible. In this work, mostly the technologies demonstrated
to produce a conventional relatively continuous film, usually with macroscopic surfaces
useful for device fabrication, are briefly introduced. These films are Pd(II) monoxide films,
although palladium shows different oxidation states. The common ones are 0, +1, +2,
and +4 [3]. The most important oxide forms are the monoxide PdO, dioxide PdO,, and
trioxide PdO3, as well as a hydrated sesquioxide Pd,O3 x HpO [4]. In the organic synthesis
methods, Pd(0) and Pd(Il) are usually considered [5].

Oxidation states +3 and +6 have been reported [6-8] in intermediate compounds
proposed to occur in the palladium-catalyzed cross-coupling reactions. Authors of [9]
theoretically studied the stability and activity of Pd4Ox (x = 1-7) films on Pd metal within
a CO oxidation reaction model. Other articles also present nonstoichiometric palladium
oxides PdO;_ [4,10]. Finally, there are films in the literature referred to as Pd/PdO that
assume a Pd core region covered by a Pd-oxide surface layer. These types of particles
and thin films (including materials marked with PdO/Pd), containing both metal and
oxide species, are of interest for various applications, especially where oxidation-reduction
processes play an important role. Since there are no generally accepted terms, on many
occasions, materials described as Pd or PdO are in fact a mixture of the metal and oxide [11].

1.2. Early Research as the Background of the Present Study
Three groups of methods for film preparation are available:

(1) Preparation of a Pd metal coating on a substrate, followed by oxidation.
(2) Preparation of a PdO film by thermal decomposition of salts.
(3) Preparation of the PAO oxide films by reactive methods.

The proposed classification is arbitrary, and often technological routes share the same
processing steps and raw materials. Considering this, in this presentation, this classification
is not strictly followed.

An early approach was to use a Pd metal foil or wire as a substrate, subject to surface
oxidation. The functional product would be a PdO film coated on the Pd metal. This
configuration was used as a pH sensor at high temperatures in geothermal brines, corrosive
liquids in contact with nuclear waste containers, pressurized steam/water lines in power
generation, and pressurized chemical reactors [12]. These electrodes are also suitable
for measurements of pH in biological environments, such as blood and extracellular
fluids [13,14], or for neurophysiological measurements [15]. It is well known that PdO is
biocompatible, hence, it can also be used in wearable devices.

A high-temperature pH electrode should provide a direct voltage response to a pH
value, negligible ionic and redox interfaces, minimum hysteresis, and drift. Only the oxide
should be in contact with the solution. These requirements are difficult to fulfill in terms
of palladium oxide thin films” quality and thickness. An additional needed condition is
miniaturization and low cost [13,16].

Three methods were attempted for fabrication of the Pd oxide film on Pd metal foils
or wires:

(i) Betteridge and Rhys [17] demonstrated that, when the Pd metal is heated to 700 °C in
air, a PdO film forms on its surface. The electrode was not stable, and the utility of the
thermal oxidation method for these purposes was reconsidered.

(i) Grubb and King [14] used chemical oxidation of the metal surface. The Pd metal
surface, after cleaning in aqua regia for 20 s and roughening, was dipped into a 50%
aqueous solution of NaOH and dried for 10 min in a stream of dry nitrogen. The coated
Pd wire was heated in a flow of oxygen at 800 °C for 20 min. The portion covered
with NaOH resulted in formation of a black PdO layer. The oxide layer was uniform,
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nonporous, and its thickness was of about 6 um. Kinoshita et al. [18] expanded this
research and studied different parameters, such as oxidation temperature in the range
of 600 and 870 °C. They found that the best results were obtained for the electrodes
processed at 750 °C after having been immersed in a 50% NaOH solution.

Thermal oxidation and chemical oxidation, as presented in points (i) and (ii), need
relatively high processing temperatures. This impedes the preparation of oxide films and
devices on low-temperature substrates, such as flexible ones (plastics, paper, and textiles),
although Pd films have been coated by other methods on flexible, elastomeric, or optical
fiber substrates [19-22]. Another inconvenience is that the reproducibility and stability of
the oxide electrodes produced by the two addressed routes have been found to be highly
sensitive to processing conditions, electrodes’ design, and sizes. Other important issues
are stoichiometry control of PdO vs. oxidation temperature and decomposition of PdO.
Decomposition of PAO was established both theoretically and experimentally to occur
above 870-900 °C [23]. Some practical aspects regarding oxidation are addressed in the
next paragraphs, while details in terms of time and spatial development of the metal-oxide
interface will not be approached in detail.

Considering the presented information, the search for new methods to obtain PdO
films on Pd or on other substrates has continued.

(iii) An alternative method was proposed, namely, the electrochemical oxidation. Ki-
noshita et al. [18] oxidized the metal electrodes by treating them in 0.2 M NaOH for
5min at 2.7 V and for 17 h at 0.74 V. Electrodes lost their near-Nernstian response to
pH after a few acid-base cycles. A longer lifetime of less than 6 days was determined
for an electrode fabricated by Liu et al. [13]. The authors used a molten salt electrolyte
of NaNO;/LiCl for oxidation, with a current density of 20 mA-mm~2 at 5.9-6.2 V
for 90 s. In [24], the authors applied electrolysis waveforms containing various lev-
els of the ac and dc components for a processing time up to 24 h. The pH sensor’s
response depends on the processing conditions. The authors also observed surface
morphology changes.

Recent review articles summarize the work on synthesis of powders and coatings
of Pd [3,25-27]. Powders and granular films of Pd or Pd-based materials are intensively
investigated and used as catalysts. Rare are cases when they are oxidized to obtain palla-
dium oxide as a product, although the methods from points (i)—(iii) are expected to also be
successful in these cases. A straightforward example is thermal oxidation (in air at 300 °C
for 2h) of PdCo nanoparticles and formation of a PdO-doped Co,O3 nano-powder [28,29].

Oxidation can be a general route to obtain Pd-based oxide, oxide compounds, or
oxide composites from a large class of Pd-based alloys. Although, as already pointed out,
oxidation of many reported Pd products was not performed, in the next paragraphs in this
section, some details regarding the types of alloys and the methods used for their synthesis
are introduced. Whenever available, the information on oxidation is also provided.

Palladium is shown to combine with other metals. Bimetallic or ternary alloys in the
nano-powder form were synthesized: Pd-Pt, Pd-Au, Pd-Ag, Pd-Co, Pd-Co-Au, Pd-Cu,
Pd-Ni, Pd-Rh, PdBi, Pt-Pd-Bi ([25,27] and references therein, [11,30-33]), Pd-Fe [34], and
Pd-Ti [3]. Heterostructures and supported catalysts can enhance the chemical performance
due to cooperative and synergetic interactions of the components [35]. In these cases, one
takes advantage at the interface between Pd and the support on the charge transfer, strain
effects, nanoscale surface stabilization, preferential faceting, prevention of the catalyst deac-
tivation and regeneration, control of selective catalytic oxidation reactions, and improved
gas-poisoning resistance. Supports of Pd tested in the literature are carbon black, activated
carbon, carbon spheres, carbon nanofibers, single-wall (SWCNT) and multiwall (MWCNT)
carbon nanotubes, graphene (G) and graphene oxide (GO), nanodiamond [36-45], Ti,
TiO,, TiO, nanotubes, Fe; O3, MnO,, V,03, ZnO ([25] and references therein, [46]), Fe3Oy,
Fe;03-C core-shell microsphere, Fe3O4-polyaniline and Fe304-NiSiO3 composites ([47]
and references therein), CeO; [48,49], CuO [26,50], sulfur-doped WO3 [51,52], Cr,O3 [53],
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MgO [54], Lay O3 [55], kaolin [56], CuMn,O4 [57], MnSiOy [58], FeCrAl fibers [59], NiO [60],
Co oxide [61], In-Sn-Zn-O-sputtered thin films [62], and wool [63]. Catalysts of Pd nanopar-
ticles in which GO particles are encapsulated are also reported [64]. We observed that many
of the supports are oxides stable at oxidation temperatures of metallic Pd and, therefore,
they can be useful, depending on applications, as substrates for thin-film preparation of
PdO-based materials. Other supports for Pd metal or alloy clusters are micelles, dendrimers,
and mesoporous materials (e.g., polycarbonate, carbon tube, alumina, porous Ni, SiO;,
and zeolite) [65,66]. Often, these supporting materials play the role of hard nanostructured
templates, and the skeleton of the synthesized Pd objects follows the porous architecture of
the support [3]. Materials of Pd/PdO clusters in glasses were also fabricated [67]. Apart
from the use of templates, the crystal chemistry of Pd as a cubic face-centered (fcc) metal
is itself highly favorable to formation of different geometrical shapes/morphologies [68]
of the particles, both in the powders and in the coatings. The resulting morphology is
controlled through manipulation of the thermodynamic aspects, involving high reduction
rates, or of the anisotropy kinetics of the crystal growth. Size and especially morphology
have a strong impact on the catalytic properties of nanocrystals. Fabrication and catalytic
activity of Pd or Pd-based powders composed of particles with well-defined morphology,
uniformity, and size is currently a field of significant interest both from academia and
industry. This is a rich domain that is developing fast and in which many excellent articles
were published in recent years. Despite this tremendous effort, as already mentioned,
research and development rarely proceed toward synthesis of Pd oxide products from the
as-fabricated Pd or Pd alloys.

Instead of alloys, other precursors or raw materials can be used, and the technological
routes usually employ two processing steps. In the first one, a precursor film is obtained
and, in the second one, the precursor is decomposed, reacted, or oxidized to obtain the Pd
oxide. An example of a modern route is the growth of a nanoparticulate PdO thin film by the
Langmuir-Blodgett (LB) technique, followed by thermal decomposition of the multilayer
precursor film of octadecylamine (ODA)—chloropalladate complex [69]. Many other modern
synthetic routes usually have several processing steps, one of which is mandatory of a
chemical type: a granular metallic Pd?), alloy, or organometallic film/coating is obtained
in the first step, and it is further used as a precursor for preparation of the Pd oxide film
final product by decomposition/reaction/oxidation. Nevertheless, the final oxide film
can also be prepared by physical methods and by one-step routes, reactive or not. In the
next sections, the review will consider two groups of technologies, namely, chemical and
physical. This classification is not strict and should be taken as arbitrary.

Depending on the application, it is of interest to also take into account the reduction
of PdO into Pd. In [70], Pd nanoparticles were decorated on PdO hollow-shell supports
through a one-step treatment with NaBHjy. In this process, PdO is partially reduced to
Pd. The H; gas detection limit of this material is lower than 1 ppm, and the proposed
strategy can be employed to extend the lifetime of the H, gas sensors. Another approach is
precipitation on the support particles. In [71], PdCl, was precipitated on ZnO nanoparticles
and decomposed at 500 °C to Pd. Decoration of different support particles (WO3, ZnO-
Eu, ZnO, 3-Bi, O3, In,O3, SnO,, and V,05) with functional Pd [71-89] or PdO [88,90-95],
mainly for improved gas-sensing applications, is gaining much attention.

2. Chemical Routes of PdO and Pd Precursor Films’ Growth

In the category of chemical preparation methods of PdO or Pd precursor films
(Figure 1), hydrothermal, electrochemical, electroless deposition, and coating methods
can be included, such as the already mentioned Langmuir-Blodgett method, impregna-
tion, precipitation, screen printing, ink jet printing, spin or dip coating, chemical vapor
deposition (CVD), including its popular variant atomic layer deposition (ALD), and green
biosynthesis. Chemical routes may involve in situ oxidation or reduction processes (e.g.,
in reactive synthesis routes or salts’” decomposition routes). As mentioned in Section 1.2,
additional processing steps for reduction or oxidation (such as thermal, chemical, and elec-
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trochemical treatments) are sometimes applied on the precursor films already deposited by

physical or chemical routes.

Chemical routes to obtain Pd or PdO films
Hydrothermal

Electrochemical (cyclic voltammetry, square-wave
voltammetry, chronoamperometry, chronopotentiometry,
chronocoulometry, pulsed electrodeposition,
electrophoretic deposition, electrospinning)

Physical routes to obtain Pd or PdO films

Sputtering (dc, rf, magnetron, plasma-assisted
sputtering), and pulsed filtered cathodic arc deposition

Electron beam coating and Electron and lon beam —

Electroless (displacement -galvanic replacement- induced deposition

deposition, autocatalytic deposition, microemulsion

synthesis, photochemical synthesis) Pulsed laser deposition (in gas or liquid environment)

Coating (Langmuir-Blodgett, impregnation, precipitation, | EVvaporation (sublimation) of Pd

screen printing, ink jet printing, spin/dip coating) i ”,
Supersonic cluster-beam deposition
Chemical vapor deposition, CVD (aerosol-assisted CVD,
atomic layer deposition)

Green biosynthesis

Figure 1. Arbitrary classification of the technological routes to obtain Pd and PdO coatings.

2.1. Hydrothermal Method

The hydrothermal method was employed in [96] to obtain PACd nanostructures on
a Ti plate. The Ti substrate was introduced in the Teflon autoclave containing 10 mL of
5 mM PdCl,, 5 mM Cd(NOs3),-4H,0, and 1 M ammonium formate as a reducing agent.
The Pd/Cd ratio was varied by the amount of Cd(NOj3),-4H,O precursor. The processing
temperature was 180 °C for 2 h. The coated Ti plates were further heated in a furnace
with a controlled Ar-flow atmosphere at 250 °C for 2 h. The PdCd film had a dendritic
microstructure.

In other examples ([25] and references therein) of hydrothermal synthesis of Pd or
Pd-based bimetallic nanomaterials, a popular source of Pd is HyPdCly, and formaldehyde
(CH2O) and ethylene glycol (EG) are used as reducing agents. Composite PdO/CoNi;ySy
particles were obtained via the hydrothermal method in [97].

The hydrothermal method is considered a single-step green technology that can use
nontoxic solvents, and it minimizes waste. On the other hand, the productivity of this
method is relatively low, and synthesis of large amounts of nano-powders or of large film
surfaces is challenging. Via hydrothermal synthesis, different controlled shapes, such as
nanospheres, nano-cubes, nano-tetrapods, nanoporous bulks, nanowires/dendrites, and
core-shell particles on different substrates, are obtained [25].

A facile sol-gel hydrothermal method to obtain PdO particles is presented in [98].
After dissolving PdCl, in C;H5OH (0.1 Molar solution), 1 vol.% HCl is added to enhance
the solubility of PdCl,. Stirring for 30 min results in a transparent brown solution. The
solution is aged for 24 h, loaded into a Teflon hydrothermal capsule, and heated at 200 °C.
The as-obtained brown powder is washed with D.I. water and annealed at 600 °C. The final
powder is fine and black and is used in the electrophoretic deposition to obtain a PdO film
covered with ITO on a glass substrate for H, gas detection at room temperature (Figure 2).

Wang et al. [99], via the hydrothermal method at 200 °C, obtained a ring-like PAO-NiO
architecture, with a lamellar structure of 3.5 um in diameter composed of nanosheets with a
thickness of ~15 nm, for CO gas detection, showing a relatively low operating temperature
(180 °C) and a rapid response/recovery (2-3 s when exposed to 50 ppm CO).
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Figure 2. Adapted from [98]. (a) Electrochemical gas sensor arrangement (30 mL glass cell): RE—
reference electrode; MFC—mass flow controller and the inlet for the gas covered with fluorinated
ethylene propylene (FEP) H, gas-permeable membrane; WE—working electrode, PdO thin film of
1 pm thickness on ITO substrate; CE—counter electrode, Pt rod. (b) Room-temperature response by
using the sensing arrangement from (a) when passing a H, gas (10%-70% in Ar) into the cell for 200 s
and for a constant potential on electrodes of 1 V.

2.2. Electrochemical Deposition

In the group of electrochemical deposition methods, in an electrochemical cell with
two or three electrodes (working electrode, counter electrode, and reference electrode),
the electrolyte is conductive, and it is also the source of Pd. A current or potential is
applied on the electrochemical cell, and ions of Pd®*D in solution will deposit in the metal
state (Pd(®) at the surface of electrodes. Depending on the current or potential features,
different versions of electrochemical depositions were defined: cyclic voltammetry (CV),
square-wave voltammetry (SWV), chronoamperometry (CA), chronopotentiometry (CP),
chrono-coulometry (CC), and pulsed electrodeposition ([25] and references therein).

The electrochemical deposition is considered a simple, affordable, and relatively fast
method. Popular Pd raw materials are PdCl, and HyPdCly, but other materials can be
used, e.g., KoPdClg [100] or Pd(NH3)4Cl, [101]. Different morphologies are obtained in
the electrochemical deposition. Nanoparticles with diameters of 5-10 nm and nanorods or
nanowires are the most common. Pd nano-horns or nanoparticles of PdAu tube-shaped
heterostructures were electrochemically deposited in [100,102], while an AgPd coating
(on an oxidized/activated stainless-steel substrate), tested as a beneficial catalyst for low-
temperature fuel cells’” application, was obtained in [103]. Fabrication of nanostructured
bimetallic Pd-Fe thin films and their electrodechlorination activity are reported in [104]. The
electrochemical deposition allows the use of template substrates, e.g., anodized aluminum
oxide (AAO) or porous anodic alumina (PAA) [25]. After the directional template-assisted
growth into the parallel pores, the substrate is removed, and the product is a sort of film
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consisting of an array of Pd nanowires [101]. By using an AAO template and subsequent
etching of PdACu nanorods, Pd nano-springs were obtained in [102]. An open-pore Pd foam
was electrodeposited, and a Pd-CeO, catalyst for environment processes was reported
in [105]. It was observed that most works report deposition of metal particles and films,
rather than of the Pd oxide. Additional information can be found in [25].

In [98], films of PdO nanoparticles were deposited on ITO-coated glass substrates
(5 mm x 10 mm) with electrophoretic deposition (EPD). The anode is the ITO substrate,
and the cathode is a Pt rod. The distance between electrodes was set to 1 cm, and the
electrodes were placed in a 20 mL glass vessel. A PdO powder (0.1 g) obtained by the sol-gel
hydrothermal method (see the previous paragraph) was dispersed in 10 mL of ethanol. In
this electrolyte solution, as a dispersant and to enhance conductivity and mobility of the
ions, magnesium nitrate (Mg(NO3)2-6H,0O, 100 uL) was added. The deposition potential
applied for 2 min was between 10 and 35 V. The authors indicated that the quality of the
film depends on the deposition voltage and time. The optimum voltage would be 30 V.
Films were used for H, gas detection at room temperature by using an amperometric
gas-sensing setup (Figure 2).

It is important to emphasize that PdO oxide films can be used not only for reduction
gases’ detection, but also for oxidizing ones. An example of the results obtained with a
chemoresistive (conductomeric) sensor sensitive to ozone is presented in Figure 3 [106].
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Figure 3. Reproduced with permission from [106]. PdO sensor resistance at different ozone concen-
trations as a function of time at an operating temperature of 220 °C. SA denotes synthetic air. Note
that ozone (O3) is harmful to human health, similar to other oxidizing gases, such as NOy, SO,, and
Cl,. It is a by-product of many modern technologies, and its interaction under sunlight with volatile
hydrocarbons produces many toxic organic compounds.

The somehow related method of electrospinning is also a straightforward fabrication
coating technique, and it was applied in [107] to obtain a decorated Pd nanolayer upon
aligned polyurethane nanofibers for Hy gas sensors. Among the coatings obtained by
electrospinning of PdO, Au, and CdO on SnO; nanofibers, the highest sensitivity to toluene
was determined for PAO-SnO, [108].

2.3. Electroless Deposition

The group of electroless deposition techniques has two main variants, namely, the
displacement (galvanic replacement) and autocatalytic deposition [25]. These methods take
advantage of a photo-reductant, a stabilizer, or a chemical reducing agent. Microemulsion
and photochemical synthesis also belong to these types of methods, which are without an
external current source but share a common ground with electrochemical routes.
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In the displacement deposition, 25 pL of 10 mM H,PdCl, was placed on Fe thin films
for 30 min [104]. Reactions between PdCl42~ /Pd and Fe?*/Fe developed with standard
redox potentials of 0.95 and —0.44 V, respectively. The final product was washed with
ultrapure water and dried. The less noble metal acted as a reducing agent, and the reaction
proceeded at its surface. This produced certain limitations. Other limitations were imposed
by the required favorable difference in the reduction potentials of the two metals.

The autocatalytic deposition uses citric acid, ascorbic acid, ethylene glycol, sodium
borohydride, and others as reducing agents. The impact of the reducing agent is very
strong and can modify growth kinetics with changes in the particles’ morphology and in the
surface properties ([25] and references therein). In general, the reducing agents are added
into aqueous solutions of PdCl,, NaPdCly, or HyPdCly. The method is suitable to obtain
bimetallic Pd-based nanomaterials. It also has the advantage that the processes proceed
at the surface and in the bulk of the metals. The polyol synthesis is a derivate method.
Metal-containing compounds are obtained through the use of ethylene glycol, playing the
role of both the solvent and the reducing agent. Without templates, Wang et al. [109,110]
synthesized nanowires with uniform diameters of 2 nm via this technique. Synthesis
proceeded from a solution of (CF3COO),Pd dissolved in diethylene glycol (DEG). When
instead of (CF3COO),Pd, the authors used NapPdCly, Pd polyhedrons were obtained.

Microemulsion techniques use water in oil to control the particle size. Surfactant-
stabilized reverse micelles are the microreactors. Typical surfactants are dioctyl sodium
sulfosuccinate (AOT) and cetyl trimethyl ammonium bromide (CTAB). In some cases,
heptane is used as an oil phase, while toluene is a co-surfactant. Application of surface-
confining agents, such as CO that are preferentially binding on the Pd(111) surface, pro-
duced nanosheets of Pd with a thickness of 1.8 nm [111]. Microemulsion is shown to be
suitable for the synthesis of Pd-Co-Au/C tri-metallic catalysts [112]. Yuasa et al. [113] inves-
tigated preparation of composite particles of nano-sized PdO loaded on SnO; nanoparticles
by precipitating Pd(OH), and Sn(OH), inside a reverse micelle. CO gas-sensing properties
of the particles were highly sensitive and were maximized for a small amount of PdO
(0.1 mol %), at which PdO agglomeration is avoided. This method allows loading of small
amounts of PAO when compared to the conventional impregnation method.

Nanoparticles of PdAu were obtained on TiO, via photochemical synthesis. Tian et.
al. [114] immersed a plate with TiO, nanotubes into a water solution of 0.04 M Pd(NO3), and
AuCl;. In the solution, 5 mL (50 vol.%) of methanol was also introduced. After 30 min of
exposure to UV radiation, in the solution, PdAu particles with the size of ~20 nm formed.

2.4. Coating Techniques

The group of coating techniques, such as Langmuir-Blodgett, impregnation, precipita-
tion, screen printing, ink jet printing, and dip and spin coating, due to their simplicity and
low cost, are often employed to obtain Pd-based precursor powders or films [10,94,115-118].
The idea of these synthesis methods is to synthesize particles or films, usually of palladium
chloride, nitrate, or hydroxide, which are subsequently thermally decomposed.

Jin et al. [119] used the conventional impregnation method by dipping a honeycomb
cordierite substrate coated with CexZry oxides (synthesized by co-precipitation with urea
of a Ce, Zr nitrate solution, and calcination at 550 °C in air) into the aqueous solution of
palladium nitrate, followed by drying and calcination in air at 500 °C for 2 h, to obtain a
brown-colored catalyst complex with Pd (metal loading on the monolith of about 0.3 wt.%).
This material was investigated as an alternative catalytic technology to oxygen removal of
coal mine methane. To optimize CO, methanation pathways, coatings of Pd/P-CeO,-Al,O3
were prepared via multistep impregnation in [120].

In [121], decorated flower-like ZnO structures with PdO obtained by precipitation in a
methanol solution with dispersed ZnO particles and with dissolved PdCl, (60 mg ZnO,
3.3 mL methanol, and 6 mg PdCl,, shaken for 30 min), followed by calcination at 350 °C
for 1 h (heating rate of 5 °C/min), showed better sensing activity of toluene and ethanol
than of ZnO (Figure 4).
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Figure 4. Reproduced with permission from [121]. (i) TEM images taken on (a,b) ZnO and (c,d) ZnO-
PdO. (ii) Response to toluene and ethanol of the structures from (i) at different operating tempera-
tures.

Use of PdCl, as an initial reagent is economically convenient since it is produced at
an industrial scale and it is relatively cheap, but traces of residual chloride anions can
show a strong negative influence on the sensitivity of PdO gas sensors. For this type
of device, it is recommended to convert PdCl, (e.g., through a reaction with NaOH or
AgNOs [10]) or to use the palladium hydroxide or nitrate directly as initial reagents. The
typical media to dissolve the initial reagents is water. Balamurugan et al. [118] dissolved
Pd(NO3),-H,O in weak triprotic citric acid monohydrate (C¢HgO7-H,0O). Powders or films
are thermally decomposed in air or in dry oxygen to obtain PdO. In [10], PdO was obtained
by decomposition of Pd nitrate at 400 and 600 °C in dry oxygen. In [115], samples of PANO3
impregnated on Lag ¢Srp4Cog2FepsOs3_« for cathodes in solid oxide fuel cells working at
intermediate temperatures were calcinated at 800 °C for 2 h, in air. Nanohybrids of PdO-
WO3 were obtained by annealing at 400 °C for 24 h in air to decompose PdCl, into PdO on
WOj3; nanorods [117].

Other initial reagents than those already mentioned can be used. A proposed pre-
cursor material for spin coating is the (3-ketoiminato palladium(Il) complex [Pd(OAc)L]
(L=PhC(O)CHC(Me)NCH,CH,NHCH,CH,;NH(Me)C=CHC(O)Ph) [122]. It decomposes at
200-500 °C and forms Pd in argon and PdO in oxygen atmospheres. Kabcum et al. [117] im-
pregnated 0.25-2.0 wt.% Pd onto WO3 powder using palladium acetylacetonate (Pd(C5H;O,),»
dissolved in ethanol. After drying at 80 °C for 24 h, a heat treatment was conducted at 300 °C
for 2 h. The powder (60 mg) was mixed (30 min) with a homogeneous binder solution
(0.28 mL) of ethyl cellulose dissolved (at 80 °C for 12 h) in «-terpineol solvent to obtain a
paste. The paste was spin-coated at 3000 rpm for 30 s on Al,O3 substrates. Annealing was
performed at 150 °C for 1 h and then at 450 °C for 2 h (heating rate of 1 °C/min) for binder
removal. The advantage of using organometallic reagents as a precursor is that it is convenient
for decreasing the decomposition temperature.

Thick films in the SnO,—CeO,-PdOy system were obtained by sol-gel screen printing
on alumina substrates in [123]. A solution of 20 wt.% of SnCl, in water was mixed with
solutions of ceric ammonium nitrate and palladium chloride. Ammonium hydroxide
solution (25% in water) was added dropwise to the mixture to obtain a pH of 9.0, followed
by stirring for 20 min. The resulting solution was aged for one day at room temperature. The
volatiles were removed under reduced pressure at 70 °C to obtain powders. Powders were
used to obtain a paste that was screen-printed on ultrasonically cleaned alumina substrates
with Au electrodes and with a heater on the backside. The printed films were heated at
700 °C for 2 h. The as-fabricated sensor had enhanced sensitivity for CO gas detection.

In [116], the precursor solution of a Pd-organoamine was spin-coated (500 rpm for 10's,
followed by 3000 rpm for 60 s, using an acceleration of 800 rpm/s in both stages) on glass
substrates and annealed at 200 and 250 °C (4 min, 24 h, and 48 h). This approach allows
ink jet printing, as demonstrated in [124]. Amine-stabilized Pd clusters were obtained after
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decomposition of the precursor. Subsequent thermolysis of the clusters under air yielded
smooth films. Under nitrogen atmosphere, the films consisted of large micron aggregates,
while in low vacuum, Pd/PdO bilayer films were obtained (Figure 5).

Figure 5. Reproduced with permission from [124]. (a—c) SEM images of Pd/PdO films obtained by
thermolysis in air, low vacuum, and Nj. (d—f) SEM images of films from (a—c) were taken at higher
magnification. (g-i) SEM images on cross-sections of the films from (a—c).

2.5. Chemical Vapor Deposition

A review on the growth via chemical vapor deposition (CVD) of iridium, plat-
inum, rhodium, and palladium thin films is presented in [125]. The work indicated that
for the deposition of Pd thin films, with the exception of PdCl,, the precursors were
of organic type: metal 5-diketonates (Pd(acac),, Pd(hfac),), allyl complexes (Pd(allyl),,
Pd(Me allyl),, CpPd(allyl), Pd(allyl)(acac), Pd(allyl)(hfac), Pd(Me allyl)(hfac), Pd(Me al-
lyl)(acac), alkyl complexes (PdMe;(PMe3),, PdMe,(PEts),;, and PdMej(tmeda)), metal
carboxylate (Pd(acetate);), and ethylene complexes (Pd(C;Hy),), where acac = acety-
lacetonate = CsH;O,, hfac = hexafluoroacetylacetonate = CsHO,Fg, allyl = n3-C3Hs,
Cp = cyclopentadienyl = n°-C5Hs, tmeda = tetramethylethylenediamine = CcHjoNyHp,
acetate = CoH30,, and vinyl = C;Hy. Other organic precursors proposed and reported in
recent years will be mentioned in the next paragraphs. The Pd thin films were also grown
via CVD in [126-129]. The PdCu alloy films on Si or SiO; substrates were deposited by
CVD from a single-source precursor ([3-diketonate complex) at 250-400 °C [129].

Among the CVD group techniques, the aerosol-assisted chemical vapor deposition
(AACVD) is considered a promising variant, being simple and easy [130]. The precursor ma-
terial was the commercially available palladium acetylacetonate, Pd(acac), (Pd(CsH7O,)s,
100 mg, 0.328 mM), dissolved in toluene (10 mL). The aerosol mist from Pd(acac), solution
was generated by a piezoelectric ultrasonic humidifier. The aerosol was injected into the
reactor tube with the help of a nitrogen (N3) gas flow (150 cm®/min). No hydrogen gas
or any other reducing agents were used. Deposition for 30 min was performed on glass
substrates heated to 475 °C.

Via AACVD, synthesis of palladium-nanoparticle-decorated WO3-nanoneedles was
accomplished in a single step [131,132]. Two source materials were tested: palladium
acetylacetonate and ammonium hexachloropalladate. The first one led to better quality: the
response of the PdO-decorated WO3 toward hydrogen gas sensing was about 680-750 times
higher than that of bare WO3 nanoneedles. The operation temperature was at relatively
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safe and low values of 50-150 °C, and the addition of PdO minimized the effect of humidity
on the sensor’s response.

The AACVD was successfully demonstrated for fabrication of Pd-decorated WO3 H;
gas sensors on a flexible kapton substrate [133].

Pd nanoparticles were deposited by AACVD on an array of WO3 nanorods [134]. The
source material was (NH4),PdCly in a methanol solvent, the deposition temperature was
350 °C, and the N; gas flow rate was 300 sccm. Oxidation to PdO was performed in air at
500 °C for 2 h.

In [135], films of Pd (20-120 nm) were prepared on glass substrates via plasma-enhanced
metalorganic chemical vapor deposition (PEMOCVD). The source material was Pd(acac),
(vapor pressure 0.1 hPa at 433 K) and the carrier gas was Ar (0.71 cm® min~1). The total
pressure in the deposition chamber was 4.5 Pa. The glow discharge power was 40 W. The
sublimation temperature of Pd(acac), was found to influence the films’ composition relative
to the Pd and C ratio in the as-deposited films. The optimum sublimation temperature was
determined to be 413 K. Films were thermally decomposed at 623 K for 900 s, and they were
composed of Pd nanoparticles in the range of 5-10 nm, which is considered suitable for
catalytic activity.

In the CVD group methods, precursors are evaporated or sublimated and often show
problems of thermal instability, resulting in poor quality and reproducibility of the as-
deposited Pd film. To avoid formation of oxides is challenging, and the typically slow
deposition rates in CVD are not convenient for high productivity and commercial fab-
rication. Some of the most popular gas-phase precursors are 73-allyl and B-diketonato
palladium complexes [136-138]. Among those of the first type, [Pd(173-C3H7)2] [139] and
[Pd(173-2-Me—C3H4)2] [140] show thermal instability during evaporation and storage. They
are also highly sensitive to air and moisture [137]. Another problem is that without the
aid of a reactive gas [140], the deposited Pd films contain a low amount of carbon impu-
rity (1 wt.%). The precursors of the second type, bis (B-diketonato) palladium (II) com-
plexes, such as [Pd(acac);] (acac = acetylacetonate), are thermally stable, but their volatility
is low, and they require higher decomposition temperatures [138]. A combination of the
allyl and B-diketonate groups within one complex was proposed in [141] to overcome the
deficiencies of each type. Other synthesized CVD precursors are S-ketoiminate [142], -
ketoiminato palladium (II) complexes, such as [Pd(CF;C(O)CHC(CF3)N"Bu),] [143,144],
[PA(CH3C(NH)CHC(O)CH3),] [145,146], [Pd(CH3(O)CCHCN(CH3)(CHz)s)2)] [147], and
[Pd(2-NCsH4)NHNCH-1-(0)-4-OMe-Ph)(PPh3)] [148], and palladium(II) allyl (8-ketoiminato)
complexes [149], e.g., [Pd(173—2—Me—C3H4)(MeC(O)CHCMeN Ph)]. The oxygen content in some
of these precursors is minimized, leading to a lower oxidation of the substrate during forma-
tion of the metal film [145,146]. The complexes have a higher stability to air and moisture [150].
The search for new MOCVD source materials [151] continues, and it is one of the key priorities
for the development of CVD technology.

Via atomic layer deposition (ALD), a variant of CVD, Pd thin films were successfully
grown in [144,152-157]. In ALD, precursors are used that react with the surface of the
substrate in a sequential way, one at a time. The chemisorbed metalorganic compound (e.g.,
B-ketoiminate [154] or Pd™ (hfac), precursors [152]) decomposes under the influence of
the second precursor, and the organic ligand is removed to form a metal film. The second
precursor can be an organic (e.g., glyoxylic acid [152]) or a gas, such as oxygen [144]. In
general, ALD is recognized as a technique that allows better control of the thickness and
density. A recent review [157] on ALD of Pd pointed out the enhanced possibilities of this
technique. Precise control of Pd deposited on challenging surfaces with different precursor
chemistries and by using customizable processing conditions can generate low-dimensional
nanostructures (single atoms, nanoclusters or nanoparticles, core-shell particles, and ul-
trathin films). The disadvantages of ALD are the slow deposition rate (in the range of
nm/min) and that it allows growth of films with rather small surface areas.
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2.6. Green Biosynthesis

The need for clean technologies led to a search of green biosynthesis routes ([5] and
references therein). Natural, non-toxic, and eco-friendly precursor substances can be used
to obtain usually metal particles. Examples of such substances are Aspalathus linearis (Rooi-
bos) and Annona squamosa peel extracts, banana peel extract, Cinnamon zeylanicum bark,
Curcuma longa tuber, broth of Cinnamon camphora leaf, Gum acacia, Solanum trilobatum
leaf, Soybean leaf, Zanthan gum, or, more recently, Crocus sativus [158], coconut coir [159],
Trigonella foenum-graecum (fenugreek) seed [159], Rosmarinus officinalis L. (rosemary) [160],
and Zaleya decandra [161]. Among the most bioactive substances, aspalathin, nothofagin,
and aspalalinin are considered. However, the choice of the plant and processing method
and conditions are critical regarding the quality and quantity of the extracted compound.
Aspalathus linearis leaves (0.03 g) were added to 300 mL of deionized water at room temper-
ature for ~30 min [5]. The orange extract (pH~5) was filtered three times to remove solid
residuals and was slightly fermented. In the as-prepared extract, PdCl, (3 g) was added
and fully dissolved under stirring at room temperature. After 30 min of reaction time
necessary to complete the oxidation—reduction reaction, the color of the solution changed.
By drying in air at 90 °C for 1 h, an amorphous product was obtained, which was further
annealed for 2 h at 100 °C or at a higher temperature. The product annealed at 100 °C was
composed of non-agglomerated crystalline nanoparticles with different morphologies and
with an average mean size diameter of 12.7 nm. Via TEM, particles were ascribed to fcc
cubic Pd. At higher annealing temperatures (200-600 °C), the product was oxidized. At
intermediate temperatures, X-ray diffraction indicated co-existence of Pd and tetragonal
PdO, while at 600 °C, only PdO was detected. Time and/or temperature to obtain PdO
were considered [5,162] lower than for other processing routes, such as heating of PdCl,
in a NaNOj3 melt, thermal decomposition of Pd(NO3),-2H;0, oxidation of Pd in air or in
oxygen, or direct carbon arc vaporization of Pd.

In [37], citric acid was used as a mild and environmentally friendly stabilizing and
reducing agent to obtain nanohybrids of graphene oxide decorated with Pd. Graphene
oxide was treated with aliphatic amines 1-octadecylamine and 1,8-diaminooctane, followed
by addition of a palladium chloride in a liquid medium and citric acid.

3. Physical Routes of Pd and PdO Thin Films” Growth

Through physical technological methods, either the Pd metal precursor or the Pd
oxide films can be prepared in a single processing step. Among the physical methods
are sputtering and cathodic arc deposition, laser ablation, ion or electron beam-induced
deposition, evaporation, and supersonic cluster beam deposition (Figure 1).

3.1. Sputtering and Cathodic Arc Deposition

Sputtering a target of a metal through the bombardment with energetic ions of an
inert gas (e.g., argon or helium) produces collision of these energetic ions with the target
and ejects target metal atoms into space. These metal atoms are deposited on a substrate
material, forming a metallic film. Sputtering is recognized as a fast-rate vacuum coating
technique that allows creation of strongly adhesive coatings on substrates with complex
geometries. Magnetron sputtering is popular for deposition of metals and oxides. The en-
ergetic ionic species and electrons are confined in a magnetically enhanced glow discharge.
Confinement produces a relatively high plasma density and promotes acceleration of the
ions, which will vaporize the source material (target). The ion or molecular ion-sputtered
species from the target, i.e., Pd in this case, fly and deposit on the substrate. If oxygen, as
a reactive gas, is introduced in the deposition chamber, one can obtain in situ Pd oxide
films. In practice, to avoid oxygen contamination of the sputtering chamber, thermal oxida-
tion of the as-prepared Pd films is preferred to direct reactive sputtering. Simultaneous
co-sputtering from different targets is applied to obtain bi- or multi-component metal
alloys. This is performed by tuning the power applied on each sputtering gun/target.
The drawback of sputtering is considered its limitation in deposition of films into deep
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structures. The literature presents different solutions of directional sputtering approaches,
such as collimated sputter deposition, elevated temperature/reflow deposition, long-throw
sputter deposition, and ionized magnetron sputtering [163,164].

Thin films of PAO on (111) Si-wafers and alumina circuit-board substrates were de-
posited by magnetron sputtering from a Pd target in [12]. The deposition atmosphere was
Oy:Ar = 1:1 for a total pressure of 0.35 Pa (starting base pressure was (2—4) x 10~% Pa). The
as-grown film consisted of Pd oxide, according to XRD, but an unidentified impurity peak
was detected at 20 = 56°. The lattice parameters of PdO increased, and the XRD line of the
impurity disappeared during post-annealing at 420 °C in air.

Yoon at et al. [165] deposited, for hydrogen gas sensors, Pd thin films (50 nm) by
magnetron sputtering in Ar gas at a pressure of 1.2 x 102 Torr (initial vacuum pressure
was 1.2 x 107° Torr) and for an input power of 1000 W.

Via dc magnetron sputtering, Pd films were obtained in [166] on oxidized Si (SiO;
thickness was 100 nm) and for a source power of 60 W. The distance between the target
and substrate was 10 cm, and an Ar atmosphere was used (initial vacuum was 10~° Torr).
When the deposition pressure was increased from 22 to 122 mTorr, the average grain size
in the films changed from 10 to 30 nm.

Hao et al., via dc magnetron sputtering, obtained porous films of Pd on porous
anodic aluminum oxide (AAO) templates for room-temperature chemoresistive hydrogen
sensors [167] (Figure 6). After degassing the AAO substrate in a vacuum (1 x 1073 Pa)
by heating in the sputtering chamber at 100 °C, Pd films were deposited at ~50 °C in an
Ar (99.999%) atmosphere (made from a vacuum of 4 x 10~* Pa) at a pressure of 0.7 Pa.
As-prepared Pd films (45 nm) were annealed for 30 min in the deposition chamber at
150, 200, 300, and 400 °C. It was shown that annealing decreased the response time (time
delay to reach 90% of resistance), and the drift of the baseline for the annealed sensor was
not observed.

ON
1 1 1 1 1 1 1 1 1 1 1

0 12 24 36 48 60 72 84 96 108 120
Time (min)

(b)

Figure 6. Reproduced with permission from [167]. (a) SEM image of the porous Pd thin film on
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AAO substrate prepared by dc magnetron sputtering and post-annealed at 200 °C, and (b) room-
temperature response at various hydrogen concentrations in nitrogen carrier gas. On the Pd film, Au
electrodes (10 mm x 3 mm) were deposited by thermal evaporation.

Magnetron sputtering was also used in [168] to grow Pd thin films on Ti-6Al-7Nb
plates. After a heat treatment in air at 450, 550, and 650 °C for 1 h, their mechanical,
corrosive, and wettability properties and in vitro bioactivity were studied. These materials
are considered for implant applications.

Other examples of PdO-sputtered films were reported in [169-172]. Reactive sput-
tering was employed to obtain PdO nanoflake thin films for CO gas sensing at low tem-
peratures in [170,173]. Layers of Pd were incorporated by rf sputtering into an electrode-
functional layer of a thin-film-based nickel-yttria-stabilized zirconia (Ni-YSZ) solid oxide
cell (TE-SOC) [174]. Selective doping (Gd or Tb) of Pd films on (001) MgO for hydrogen gas
sensing was performed by dc magnetron sputtering at 550 °C, and they showed the (002)
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preferred orientation [175]. PO thin films [176] with nano-sized cracks (Figure 7), obtained
in a vacuum atmosphere (base pressure of 4 x 1078 Torr with 5, 10, 15, 20, 25, and 30%
oxygen) by reactive sputtering at room temperature on oxidized (100) Si, demonstrated an
ultrahigh sensitivity (~4.5 x 103%) and a fast response time at room temperature to H, gas
in nitrogen.

Figure 7. Reproduced with permission from [176]. SEM images of reactively sputtered films in
different oxygen atmospheres: (a) 15%, (b) 20%, (c) 25%, and (d) 30%.

A variant of sputtering, namely, the plasma-assisted sputtering, was performed in [177]
for an ionization current of 3 mA under 1.0 x 10! Torr. The thickness of the Pd nanostruc-
tures deposited on (001) GaN was in the range of 1-30 nm. Samples were annealed for 450 s
at 650, 700, and 750 °C in a vacuum of 1.0 x 10~* Torr, and evolution of the morphology
was studied.

Thin films in the Pd-Zr-Y-O and Pd-Pt-O systems were grown via reactive magnetron
sputtering and the pulsed filtered cathodic arc deposition technique in [178] and [179],
respectively.

3.2. Electron Beam Coating and Electron and Ion Beam-Induced Deposition

For the growth of Pd films, electron and ion beam-induced deposition (EBID and
IBID) were demonstrated. These methods were successful in fabrication of 3D struc-
tures/patterns [180]. In these vacuum-based techniques, a precursor material (usually
of a metal-organic type) is introduced (injected) in the deposition chamber, and it is
absorbed on a substrate. A focused electron or ion beam is used for processing the
precursor and through its decomposition to obtain the film. Via IBID, and using Pd-
bis(hexafluoroacetylaceacetonate) as the precursor film, a film composed of nanowires of
Pd was obtained in [181]. EBID was applied in [182] on a spin-coated precursor film of
Pd-hexadecathiolate on a Si substrate. These methods share similar features with two-step
chemical methods that use a precursor Pd-based compound deposited in the first step and
decomposed in the second one. A typical conventional electron beam coating to obtain
a Pd film (with a thickness of 12.3 nm) was applied in [183]. The film was deposited on
glass substrates. The base pressure before deposition was 3 x 107> mbar. The substrate
temperature was 32 °C, cathode voltage was 8.5 kV, and coating rate was 12 A-s~!. An-
nealing was performed in air at 350, 450, 550, and 650 °C for 1 h. According to XRD, the
films consisted of Pd phase. In [184], the electron beam gun was used to evaporate a Pd
ingot target and deposit Pd thin films (17-100 nm) on a 2-inch Si wafer substrate with a
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sputtered buffer layer of SiO; of 400 nm in thickness. The substrate was positioned at about
35 cm above the target. The film deposition was performed at 8 x 10~° Pa in a vacuum
chamber. XRD indicated that the Pd film was (111) oriented. The sheet resistance of the

Pd film (50 nm) annealed at 100, 150, and 200 °C for 3 h was not affected up to 150 °C.
In [185], Pd films were deposited by e-beam evaporation of palladium pellets (99.95%).

The substrate was thick fused silica (1 mm) and, during deposition in the vacuum (base

pressure of 104 Pa), it was heated at 90 °C. The growth rate of the film was set at 0.5 nm/s.

The Pd films with thicknesses of 7.2 (S1), 12.6 (52), 17.5 (S3), and 27.3 (S4) nm were oxidized
by annealing at 500 °C in a vacuum at 150 Pa. The annealing time was selected to be 1 h for
each 10 nm of the film’s thickness, ensuring the full oxidation of the films. The oxidized

films were exposed for 10 min to Hj atmosphere (5 vol.% in nitrogen) at room temperature.

This procedure reduced PdO to r-Pd, and the thickness of the samples decreased without

restoring the initial one, while porosity increased (density decreased by 1.68-2.6 times).

Films were used in room-temperature optical H, gas sensors (Figure 8). A higher film
thickness increased the response and recovery times of the as-prepared Pd films, and it was
almost constant for r-Pd-treated films. Palladium films were deposited by electron beam
evaporation on Si/SiO, /Pt substrates, and after annealing in oxygen at 500 °C for one hour

to form the palladium oxide (PdO), films were tested for hydrogen ion (pH) sensing [186].

The authors found that the sensitivity of the device (extended-gate field-effect transistor
(EGFET)) was 42.36 mV /pH.
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Figure 8. Reproduced with permission from [185]. (a) Optical sensor arrangement based on optical
absorbance of the sample when irradiated from a source of a halogen lamp in the spectral range
of 400-800 nm. (b) Response time (calculated as the average time to change from 5% to 95% of the
absorbance) at room temperature of the samples with different thicknesses to 5 vol.% Hj gas in nitrogen.

3.3. Pulsed Laser Deposition

In the pulsed laser deposition (PLD), a pulsed laser is focused on a Pd or PdO [187-191]
bulk target. Through ablation, the material from the target evaporates/sublimates or converts
to a plasma, and it is directed on a substrate to form a film. Laser type (pulsed or continuous),
wavelength, and its fluence, gas pressure in the deposition chamber, target-substrate distance,
and substrate temperature are among the parameters to control the process and the film
quality. Ablation of the Pd bulk targets can also be realized in a liquid instead of a gas
environment, and the product is usually a nano-powder. The type of liquid was shown
to influence not only the size and morphology, but also the oxidation and hydrogenation
level of the resulting Pd particles [192]. Via this approach, ultra-small Pd nanoparticles
were deposited on CdS nanorods for the photocatalytic hydrogen production [193]. The
morphology and porosity of the bilayer films of Pd/TiO, deposited by PLD (Nd-YAG laser,
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emission wavelength of 355 nm, 5 ns pulse duration, repetition rate of 10 Hz, energy per
pulse of 71 m], energy density on the target of 25 ] /cm?, target-substrate distance of 40 mm,
and substrate temperature is room temperature) were modified by changing the oxygen and
argon pressures. The films were deposited on the quartz substrate of surface acoustic wave
(SAW) room-temperature Hj gas sensors [188]. The quality of Pd deposits versus the ablation
process and Al,Os substrate characteristics were reported in [187]. Pd was deposited by PLD
on wood for Ni electroless plating in [194]. Different helium background gas pressures (50,
350, and 800 mTorr) during Pd thin films” PLD deposition influence the crystallite size and the
tendency of their orientation in the <111> direction [189]. Pd thin films of 0.4-4 monolayers
were deposited on (001) Cu at room temperature by PLD. The Pd-Cu interface formation
is characterized by an alloying—dealloying mechanism. Up to two monolayers, Pd atoms
are incorporated into the Cu substrate for less than half-filled layers but expelled if the Pd
coverage is close to a complete layer. In this latter case, the top layer is composed of Pd [195].
PLD was used for doping the surface of polycrystalline thin-film SnO, or SnO,(Cu) gas
sensors for the enhancement of the sensitivity to 1% Hj in N (at 200-380 °C), with two
orders of magnitude [196]. Pd-doped SnO; thin films for gas sensors were grown on (100) Si
substrates using PLD at room temperature in [197]. The microstructure of the films depends
on the O, background pressure (10-100 Pa) and on the target—substrate distance. When the
target-substrate distance was close to the plume length, textured thin films were obtained, and
the authors explained this phenomenon considering an adiabatic expansion. Nanostructured
Pd films obtained by PLD (KrF excimer laser, 248 nm, pulse time of 20 ns, repetition rate of
100 Hz, background pressure in the deposition chamber of 10~ mbar, laser fluence of 5 & 0.1
J/cm? or 250 MW /cm?, the laser beam was focused at a 45° angle on the target with a spot
area of 1 mm?, and Pd metal target with purity of 99.9%) have very different electrochemical
characteristics from those of common coarse-grained films [198]. Stability was good under
hydrogen charge/discharge cycling, and this was related to the lack of an abrupt a-to-f3 phase
transition. Upon oxidation of Pd films with controlled thickness and grain size deposited by
PLD, spontaneous formation of uniformly distributed arrays of conical PdO “tips” useful for
field emission applications was reported in [191,199].

Chemoresistive acetone sensors of ZnO were decorated with Pd particles by PLD [200].
Sensors operated in the temperature range 159-200 °C, and they showed an enhancement of
the response factor between 2 and 7 when compared with pure ZnO sensors. The detection
limit was 26 ppm at 200 °C.

3.4. Evaporation (Sublimation) of Pd

Evaporation (sublimation) of Pd (e.g., a metal foil resistively heated by a V-shaped tung-
sten filament) and deposition is a simple and popular technique [106,201-205]. Evaporation
was realized in a high-vacuum chamber (e.g., at 6.65 x 10~* Pa in [84] or 18-57 x 10* Pa
in [87]). These films were deposited on (1120) x-Al,O3 [86], polished polycrystalline
AlO5 [87], Si0,/(100)Si [83,84], Pyrex glass [82], (100)Si [84], optical quality quartz [106,202],
and KCl with a buffer layer of amorphous carbon [106,205]. The palladium vapor pressure,
P, in the deposition chamber was set according to Equation (1) [206]:

log1oP(Pa) = —20,150T 1 — 0.419log1oT — 0.302 x 1073T + 13.670 (1)
In [164], the palladium vapor pressure was:
log1oP(Pa) = 8.749 — 18,655T 2)

in the temperature range 927-1427 °C. When the rate of evaporation in the vacuum was
compared among the platinum-group metals (Pt, Ir, Os, Pd, Rh, and Ru), the values
at lower temperatures were the highest for Pd. The heat of vaporization was the low-
est (Hagpx = 89.2 £ 0.8 kcal/mol). The presented information promoted Pd as the most
convenient element among the platinum-group metals for thin-film deposition through
physical evaporation: it is considered that Pd has an anomalously high metal vapor pres-
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sure. Substrate temperature during Pd thin films’ deposition was selected to be at room
temperature [106,202], but in some experiments, a low temperature was used, e.g., 77 K
in [201]. The physical evaporation allows deposition of Pd films with different thicknesses.
Attempts to grow Pd ultrathin films are presented in [202], and films with thicknesses of
1, 5,10, and 80 nm are compared. The study pointed out the challenging limitations for
ultrathin films regarding their tendency for formation of an island-type microstructure
featuring a high possibility of discontinuity, accompanied by the lack of a percolation
path for electrical conduction. It also pointed out the strong substrate influence, implying
occurrence of a high crack density and stoichiometry changes due to the substrate—film
interdiffusion. In [106,205], PdO ultrathin and thin films with thickness of 5-40 nm were
obtained. The thermal annealing of the Pd precursor films was performed under dry
oxygen. Films with low thickness of 5-15 nm were heated for 1 h, while thicker ones for
2 h. Annealing temperatures were 237, 297, 397, 497, 597, and 797 °C. According to X-ray
diffraction measurements, oxidation of the Pd precursor film with partial or full formation
of PdO took place for annealing temperatures of 297-797 °C. Heras et al. [201] found that
for Pd films deposited on cold substrates (glass), during subsequent annealing by heating
from —196 °C to 400 °C, they changed their morphology and absorbed oxygen without
formation of a bulk PdO oxide. A fiber morphology and texture with the axis (111) normal
to the substrate developed, and the process was stronger for temperatures closer to the
higher values of the indicated interval. The penetration of oxygen into the bulk depends
on the surface defect density, and significant oxygen incorporation into polycrystalline
palladium without formation of PdO was also reported in [207,208] at 247 °C.

3.5. Supersonic Cluster-Beam Deposition

In the supersonic cluster-beam deposition [209], a Pd target rod is subject to a He
plasma ignited by a pulsed electric discharge between the Pd rod (cathode) and anode,
producing the ablation of the target. The ablated Pd atoms thermalize inside the cavity via
collision with the inert gas and condense into clusters. The mixture of the cluster and He is
expanded in a vacuum chamber through a nozzle and forms a supersonic beam. Substrates
intercept the supersonic beam in a second chamber separated from the expansion chamber
by an electro-skimmer. The deposition rate is about 1 mm/min, and the kinetic energy is
small enough (0.5 eV order) to avoid cluster fragmentation.

In [210], deposition was performed on glass substrates. The authors adopted two
strategies for oxidation of Pd clusters. In the two-step ex situ route, Pd was deposited with
He carrier gas, followed by oxidation annealing in air at 200 and 400 °C. In the one-step
in situ route, the carrier gas was a mixture of 80 at.% He and 20 at.% O,. Films were
nanostructured with a particle size below 20 nm, with the smallest particles below 5 nm.
They were porous and very soft and could be easily detached from the substrate [211].

4. Some Practical Aspects of Pd Films’ Oxidation Toward PdO and Specific Issues
Concerning Applications of the Films

The above-presented information indicates that oxidation of Pd is a complex process,
and some details are not completely understood. The next paragraphs will briefly screen
some practical aspects, but details of the oxidation mechanisms/models will be neglected.

When a Pd foil is thermally oxidized in ambient conditions at 650 °C, a bulk PdO layer
develops, and after 1.52 min [212] of oxidation, it is detected by XRD. The thickness of the
PdO layer increases with time, and the oxidation process is governed by a parabolic law
directly related to temperature and oxidation time parameters [212]. The PdO film on Pd
presents a preferential growth corresponding to the (002) PdO direction, since the Pd foil
substrate is polycrystalline, with grains showing a preferred (002)-normal direction. The
lattice constants of the Pd oxide film are a = 0.3035 nm and c = 0.5323 nm, as expected for the
bulk PdO [2]. The authors noted that the oxidation rate is high as a result of lower surface
energy activation for the (002) direction than for the (111) one. A model for oxidation of Pd
with formation of PdO based on motion and creation of cation vacancies was proposed,

172



Coatings 2024, 14, 1260

and within it the necessary energy (E,) for movement or migration of cationic vacancies
depends on the thickness of the oxide layer. A lower E, of 0.034528 eV is found for an
ultrathin film, compared to E, of 0.115883 eV for a thick one. This explains the faster
diffusion process in a thin oxide layer than in a thick one and the already mentioned
parabolic dependence. The activation energy for oxygen diffusion in Pd bulk has been
estimated to be in the range of 84-98 kJ-mol~! [201], while the free energy of formation of
PdO (at 727-875 °C) is [202]:

AG1(PdO) = —27460 + 23.9T =+ 280 (cal/mol) €)

It is worthy to note that the solid oxide formation results in a significant increase in
weight. Other features of interest are:

(i) Kinetics of the Pd oxidation (in the mbar pressure range) depends on the crystal sur-
face: oxidation of Pd(110) proceeds at ~100 K lower temperatures than Pd(111) [213].

(ii) The PdO layer formed as a skin on Pd is green when relatively thin [23]. When thicker
(annealed in air at 800 °C), it turns gray.

(iif) Depending on the heating rate and annealing temperature, the PdO layer decomposes
in air at 825-900 °C. A decomposition temperature of 870 °C was estimated for
annealing under 1 atm of oxygen [23,214-216].

Samoylov et al. [214] found that the thermal stability of the PO film in an oxygen
atmosphere enhanced from 810 £ 5 to 860 &+ 5 °C when the thickness of the initial Pd
layer increased from 10 to 95 nm, respectively. The authors also noted that the resulting Pd
film, unlike the continuous Pd film used as a precursor to obtain the oxygen-decomposed
PdO film, was composed of isolated hemispherical Pd nanocrystalline particles with well-
defined faceting and preferential (111) or (100) alignment.

In the ultrahigh vacuum, PdO was reported to be unstable at temperatures above
147 °C [215].

Okamoto and Aso [203] claimed decomposition of PdO at room temperature under
H; atmosphere from the rapid increase in electrical conductivity.

The results of more recent first principles studies indicated that the thermodynamic
stability of PdO depends on the crystal surfaces [216]. These aspects significantly impact
the catalytic efficiency. Although for methane oxidation, Pd is one of the best catalysts, the
relation between the presence of oxides and the catalytic activity is complex. In methane
oxidation over a Pd(100) single crystal, it was found [217] that the metallic surface was active,
but it was unstable under reaction conditions. Growth of the oxide promoted low activity,
but for a thicker oxide, the activity increased, and above a certain level, it decreased, even
if the thickness of the oxide continued to expand. In these processes, depending on the
thickness, the exposed surface of the oxide changed, being (101) or (100), with the second one
showing low activity due to lack of coordinatively unsaturated (CUS) sites (i.e., Pd atoms on
the surface) where the reactants can adsorb. The first layer was of (101) PdO. For very thick
films, the (100) oxide was stable, and it was no longer coupled to the substrate, so the surface
became inactive. For a few layers of the oxide, a ligand effect [218] with the Pd layer below
occurred, and it contributed high activity for the intermediate thickness of the oxide.

To overcome the instability of the catalytic activity, Pd alloys were obtained and
tested, e.g., PdAu in [11]. Composites, such as conductive polymers (polyaniline)/PdO
(PANI/PdO), are another promising solution. In [219], a CHy gas sensor of the quartz
crystal microbalance (QMS—a mass sensitive device) type was obtained by a layer-by-
layer self-assembly method that is based on electrostatic force and in which an in situ
chemical oxidation polymerization approach in the presence of PdO nanoparticles at room
temperature is applied. The method uses dip coating on hydrophilic glass substrates. Sub-
strates were treated sequentially and ultrasonically with CHCl3, C;HsOH, and deionized
H,O, each for 20 min, and dried in nitrogen gas. Treated substrates were coated by im-
mersing in 1.0 wt.% PDDA (poly(diallyldimethylammonium chloride), molecular weight
200,000-350,000, polycation) aqueous solution for 5 min and washing with deionized water.
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Washing prevents cross-contamination with the second coating solution of 0.2 wt.% PSS
(poly(sodium-pstyrenesulfonate), molecular weight 70,000, polyanion), with the opposite
charge to PDDA. The PSS polyanion layer provides the charges for the adsorption of the
first-layer polycation in the formation of a polyaniline/PdO thin film. The film PANI/PdO
was deposited on a glass/PDDA /PSS substrate. Dip coating of the substrate was per-
formed in a solution prepared as follows: (a) Aniline monomer was added into the 1.0 M
camphor sulfonic acid (CSA) solution with PdO nanoparticles at room temperature. The
ratio of aniline to PdO was 5 to 1. (b) The mixture was reacted with ammonium persulfate
for 20 min. The progress in this research direction can have high importance and impact
because the greenhouse effect of methane (CHy) gas is about 30-80 times higher than for
carbon dioxide (CO;) [220]. Methane is also a colorless and odorless gas, and the key
component of the natural gas. It is flammable and explosive when its concentration is
5-14% in air.

(iv) Atrather high annealing temperatures (~1000 °C) of Pd, a slight weight increase was
detected because of higher oxygen solubility at higher temperatures [221,222].

The questions to be addressed in the future studies will also have to deal with possibili-
ties and novel techniques of fast films” characterization, e.g., in situ local mapping of the
degree of oxidation on the surface and in the volume of the film. In [11,172], the authors used
advanced characterization methods, such as grazing-incidence X-ray diffraction (GIXRD)
and photoemission spectroscopy, respectively, to observe the details of oxidation. Evolu-
tion during oxidation of Pd particles (2.3 nm) was investigated with in situ time-resolved
X-ray absorption spectroscopy (XAS), supported by theoretical simulations [223]. Obtaining
coatings with organized surfaces, e.g., with ordered and periodic patterns of hillocks of Pd
thin films, was studied by XRD and AFM in [224]. The authors observed the variation in
compressive stress and the total hillock surface area versus the thickness of the Pd film. They
introduced formation of a PdO layer at the interface of Pd as one relaxation mechanism and
found that this mechanism was the dominant relaxation process in the films with a thickness
higher than 40 nm. Hence, to generate spontaneously ordered hillocks over the Pd surface, a
thickness of over 40 nm is required since it is expected to lead to a constant value of the total
hillock surface area. The aspects of oxygenation and morphology formation will help in
designing the films and finding their optimum deposition route to achieve the desired and
controlled functional characteristics that are needed for the targeted application. Ultimately,
it will enhance the performance (response time, recovery time, response percent, sensitivity,
selectivity, and reliability [225]) of the sensor and will provide its reproducible and stable
operation. Notably, the effect of the preparation process parameters on the responses of the
gas sensors of SnO, loaded with Pt, Pd, and Au was investigated for prediction purposes
with artificial neural networks in [226].

Since H; gas is highly flammable and explosive when its concentration is 4-75% in air
and it cannot be detected by human senses, in the emerging clean economy of hydrogen,
detection of this gas in a very sensitive, highly stable, and selective manner and in a wide range
of temperatures will be crucial. This is challenging, and the current typical conductometric
and electrochemical (amperometric and potentiometric) sensors show limitations.

Review articles [225,227] indicated eight types of commercial hydrogen gas sensors
based on electrical conductivity, thermal conductivity, acoustic, mechanical, optical, electro-
chemical, catalytic, and work functions (Figure 9). Metal oxide sensors of conductometric-
type work optimally only at high temperatures, in low relative humidity, and their sensi-
tivity for hydrogen is quite low. On the other hand, Pd is a highly electroactive element,
but undesirable processes occur, and we mention hydrogen embrittlement due to forma-
tion of the palladium hydride phase (accompanied by lattice expansion and resistance
increase [167]) and of the irreversible contamination with the other gases from the atmo-
sphere. These processes decrease the sensing efficiency of a sensor made of a pure metal. A
sensor made of PdO will not be poisoned due to its higher working temperature. Hence,
these sensors are thought of as candidates with a higher potential than those made of Pd
but, ultimately, this will also depend on the application needs. In addition, PdO electro-
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chemical H; gas sensors show high sensitivity and selectivity and might be a convenient
solution for sensing at room temperature [228,229].
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Figure 9. Reproduced with permission from [225]. Fabrication of a typical Pd/MOS (MOS—metal
oxide semiconductor) capacitor hydrogen sensor. The hydrogen diffuses from the metal Pd gate
(active element) and creates a dipole layer at the (Pd/SiO,) interface that changes the work function
of the active element. The response, R (%) = (Cg — CN)/Cn x 100, where Cy and Cy; are the
capacitance of the sensor in hydrogen gas and pure nitrogen, respectively. The carrier gas is nitrogen,

argon, and air.

The present strategies for improvement of gas sensors are to use composite and/or
alloyed films and to modify/control their morphology, e.g., particle size, shape, distribution,
porosity, nano-structuring, and defects (e.g., cracks) [20,230-242], and all these features
depend on preparation and post-processing technology. A low detection limit of 300 ppb, a
fast response time of 3 s toward 500 ppb, excellent selectivity at 200 °C, long-term stability,
and outstanding tolerance to humidity were determined for a H, gas sensor built with
Fe;O3-core/Pd/PdO-shell nanoparticles [243]. Excellent sensing properties were discussed
within the frame of the Pd/PdO ‘spillover effect’, where the electron transfer and charge
accumulation related to adsorbed oxygen are promoted by formation of PdO/Fe,O3 p-n
heterojunctions.

The indicated strategies also promote new practical opportunities. For example, indium
oxide-palladium (InyO3-Pd) sensors have a good sensitivity toward nitric oxide; hence, it can
be used for detection of nitroaromatic explosives [244]. In another example, binary metal
oxide solid solution (Ir(;_,)MxOy, where M = Pd, Rh, and Ru) thin films obtained by dc
reactive magnetron sputtering (each of 2 Ir targets were supplied 25 W power at a frequency
of 144 kHz, while for the Pd target, power was 50 W, and pressure in the chamber was ~4 Pa,
with 20% oxygen partial pressure) on 316 stainless-steel or SiO, /Si substrates were assessed,
targeting implantable neural interfacing applications [245]. Undesirable nanoflake growth of
IrOy is suppressed by introduction of Pd (Figure 10). The presence of Pd also activates higher
oxidation states, including a +5 oxidation state. Both effects are believed to be the reason for
better performance of the binary metal oxide films when compared to single metal oxides.

175



Coatings 2024, 14, 1260

Salagare et al. [246], in a selective three-electrode electrochemical sensor, modified a graphite
electrode with PAO-rGO composite flakes and demonstrated a high degree of consistency of
electrode sensitivity measurements of nitrite at room temperature. In a recent article [247],
palladium nanoparticles were decorated on TiO, nanotubes (TNT) by gamma-ray irradiation.
They degraded nitrogen monoxide (NO) in the photocatalysis process, achieving 53.30% NO
removal efficiency, which is 1.6 times greater than that of pure TNTs. A layered nanoelectrode
based on GO and rGO decorated with n/p nanoparticles of palladium oxide and cadmium
sulfide has shown high efficiency for supercapacitor applications [248]. Nanoparticles of PdO
(n-type) and SrO (p-type) on GO and rGO were tested [249] for decomposition of organic
pollutants, such as mixed dyes of Rhodamine B and methylene blue (RhB/MB), insecticides,
such as imidacloprid, and the removal of heavy metals, such as chromium ions. Results were
considered promising for water cleaning.
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Figure 10. Reproduced with permission from [245]. SEM images showing the morphology of
Ir(;_)PdxOy films deposited on 316 SS substrates for: (a) x = 0.14, (b) x = 0.50, () x = 0.90, and
(d) x = 0.95. Map of morphology summarizing results from (a—d) depending on the composition of
the Ir( _,yPdxOy films (e).
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5. Conclusions

This review presented different deposition routes of PdO and Pd films and heterostruc-
tures. The largest contribution in the literature is on Pd films’ fabrication, without a further
investigation toward PdO formation as a product. This situation is due to the dominant
interest from the industry in catalytic processes where Pd rather than PdO has a key role.
However, the development of different applications, such as gas sensors, especially of
ozone, NOy, Hy, CHy, etc., has become important and promoted a higher motivation,
expanded attention, and research on fabrication of PdO films. Gas sensors are used in
different industries, such as medical, aerospace, petrochemical, mining, and automotive.

In the literature, there are very few papers to compare films for a specific application
obtained by different technological routes. An isolated example is in [250], in which the
electrochemically grown Pd nanoparticle films were observed to show better hydrogen
sensing responses than the sputtered Pd thin films.

Some of the reviewed deposition routes are highly complex or sophisticated, require
expensive and specific raw materials, and are using or generating harmful, undesirable
substances. This situation leads to fabrication cost increases and environmental and
integration problems. Recent approaches tried looking at green synthesis or biosynthesis
routes, and some progress was achieved in recent years ([5] and references therein, [37,251]),
taking advantage of non-toxic, clean, eco-friendly, natural substances. Although these
developments are promising, in general, green synthesis produced particles rather than
films.

Films of Pd or PdO are usually composed of randomly oriented crystallites, although
in some reports, the authors observed a certain degree of texture [175,184,252,253], which
was accidentally obtained in most cases. As we presented above, the activity of differ-
ent crystal planes of the palladium oxide is very different. Therefore, preparation and
exploration of textured or epitaxial, single-crystal or polycrystalline palladium-oxide-based
films might provide interesting new opportunities for applications and may afford a better
understanding of the complex catalytic/sensing processes. Despite the huge effort of the
international scientific community, revealing the details of these processes requires further
research—the physical-chemical mechanisms governing the interaction with the medium
or taking place inside the material containing Pd are insufficiently understood. In this
regard, there is an urgent need for new, fast, in situ, and reliable investigation techniques
that are effective at different scales.

The number of devices reported and fabricated on PdO films is significantly lower
than those on Pd, although, as addressed above, there are advantages in using the oxide.
Gas and pH sensors are the main ones to use PdO films. These sensors are expanding
their domains of application due to rapid developments linked to wellbeing devices and
gadgets, clean and safe environments, and sustainable economies. Therefore, these devices
based on PdO films can contribute to improvements of the quality of life. Palladium oxide
has p-type conductivity and, due to this, it can successfully compete with other oxides,
such as SnO,, ZnO, or Iny O3, especially in detection of oxidizing gases [214].
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Abstract: Typically, organic multiferroic junctions (OMF]s) are formed of an organic ferroelectric layer
sandwiched between two ferromagnetic electrodes. The main scientific interest in OMFJs focuses on
the magnetoresistive properties of the magnetic spin valve combined with the electroresistive prop-
erties associated with the ferroelectric junction. In consequence, memristive properties that couple
magnetoelectric functionalities, which are one of the most active fields of research in material sciences,
are opening a large spectrum of technological applications from nonvolatile memory to elements in
logic circuits, sensing devices, energy harvesting and biological synapsis models in the emerging
area of neuromorphic computing. The realization of these multifunctional electronic elements using
organic materials is presenting various advantages related to their low-cost, versatile synthesis and
low power consumption functioning for sustainable electronics; green disintegration for transient
electronics; and flexibility, light weight and /or biocompatibility for flexible electronics. The purpose
of this review is to address the advancement of all OMFJs including not only the achievements
in the charge and spin transport through OMFJs together with the effects of electroresistance and
magnetoresistance but also the challenges and ways to overcome them for the most used materials
for OMFJs.

Keywords: organic ferroelectrics; organic spin valve; multiferroic junction; magnetoresistance;
electroresistance

1. Introduction

Multiferroic tunnel junctions consisting of a ferroelectric barrier in magnetic spin
valves were first proposed about 15 years ago [1-3] and are capturing considerable scientific
interest, especially in the field of electric-field-controlled spintronics and information
technologies. As magnetic tunnel junctions, these systems allow for the tunneling spin-
polarized current to be efficiently filtered according to the orientation of the magnetization
of the ferromagnetic electrodes, which generate high resistive and low resistive states
for their antiparallel and parallel relative orientation, respectively, based on the tunnel
magnetoresistance (MR) effect [4,5]. The activity of the ferroelectric barrier in a tunnel
junction allows for switching between different resistive states defined by the orientation
of its electrical polarization that alters the induced charge densities and the electrostatic
potential at the barrier—electrode interface and thus the charge transport characteristics
of the tunneling current, based on the electroresistance (ER) effect [6-8]. In addition, the
piezoelectric effect of the ferroelectric that affects the strain at the interface may couple with
the magnetostrictive effects of the ferromagnetic layers (Figure 1). This affects the magnetic
anisotropy and the magnetization, leading to drastic changes in the magnetoresistive
properties, such as the reversal of the magnetoresistance hysteresis induced, for instance,
by the electrical polarization [3].

Furthermore, advanced spin and charge transport properties may be added to the
multilevel-resistive or memristive states of the multiferroic junctions when the separating
layer between the ferromagnetic electrodes of the junctions is an organic material. Organic
electronics and spintronics constitute developing fields for the next generation of applica-
tions. For organic spintronics, the light molecular elements present weak spin—orbit and
hyperfine interactions that lead to a long spin relaxation time and thus long spin transport
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distances even at room temperature [9,10] that open routes for their inclusion in electronic
devices, such as memory and computing elements to store and process information, neu-
romorphic computing and models of synaptic and neuronal operations, etc. Moreover,
important assets for technological applications of organic systems are the low-cost and
versatile fabrication, sustainability, light weight, mechanical flexibility and the possibility
of a controlled degradation for electronic waste management [11,12].

\C .
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Figure 1. A schematic representation of an organic multiferroic junction composed of an organic
ferroelectric film sandwiched between two different ferromagnetic electrodes. The representation
highlights the pyroelectric and piezoelectric properties of a ferroelectric material and the coupling of
properties at the ferromagnetic—ferroelectric interfaces. The junction has memristive properties based
on the electroresistive and magnetoresistive effects.

The purpose of this article is to review the major advances in OMFJs through the
analysis of mechanisms, functioning and applications. It is envisaged not only to merge
current scientific knowledge but also to identify new paths for research and innovation in
this field. This report contains a detailed description of the main characteristics of OMFJs
in Section 2 that comprise the properties of organic spin valves and organic ferroelectric
junctions, respectively. This section includes the origins of the functional properties of
OMFJs, i.e., the magnetoresistance and the electroresistance effects and the control of
the multilevel-resistive properties with external electric and magnetic fields. Section 2.1
describes the mechanism of the spin and charge transport through organic spin valves
and summarizes magnetic and organic materials that are mostly used in spin valves and
can be potentially used in OMFJ junctions. Furthermore, Section 2.2 summarizes the
organic ferroelectric junctions and their properties, together with a description of organic
ferroelectrics. Section 3 describes the reported OME]s, their properties that are based on the
coupling of magnetoresistive and electroresistive effects and their optimal configuration for
adjusted functional devices. This review also includes challenges regarding the operational
processes of OME]s, together with proposed solutions to overcome these difficulties. Finally,
concluding remarks on the progress strategies in OMFJs and a general perspective are
presented in Section 4.

189



Coatings 2024, 14, 682

2. Characteristics of Organic Spin Valves and Organic Ferroelectric Junctions
2.1. Magnetic Junctions and Organic Spin Valves

Magnetic junctions are originally formed of two ferromagnetic films, preferably with
different magnetic coercive fields, separated by a non-magnetic spacer that can be a tun-
neling barrier or a spin transport medium. In magnetic tunnel junctions, the tunneling
current between metallic ferromagnetic films is spin-dependent and generates a tunneling
MR that is based on the relative orientation of the magnetization of the two ferromagnetic
electrodes [4]. The MR ratio is defined by the Julliere expression as follows:

Rap — Ry 2P, P
MR = =100 (%) = ——=2-100(% 1

where R, and R, are resistances for the antiparallel and parallel orientations of the mag-
netizations, respectively, and Pj, P, are the spin polarizability of the two ferromagnetic
electrodes. Equivalently, the MR is defined for spin valves where spin-polarized currents
are transported through the separating medium. Usually, the MR ratio is the maximum
for an antiparallel magnetic configuration and the minimum for the parallel configuration
(Figure 2a). However, these values can appear reversed, leading to negative MR values,
observed for different junctions (Figure 2b).

(a) MR
[ = | | < |
=m =
= I ; _— N
magnetic field
(b) + MR
magnetic field
== 1
_— I =
| = | | & |
| = | | = |

Figure 2. A schematic representation of the magnetoresistance hysteretic behavior with the magnetic
field for (a) positive MR and (b) negative MR, respectively.

Table 1 presents most of the results encountered for magnetic junctions with an
organic semiconductor spacer, i.e., organic spin valve junctions, which are composed of
different materials, including small molecules that contain acenes, thiophenes, fullerenes,
metal complexes and their derivatives, but also larger molecules and polymers. This
table includes the chemical representation of each organic layer, the junction sequence
mentioning the thickness of each system and the MR at various temperatures extracted
from the corresponding references. The organic films of the junctions were deposited by
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physical vapor deposition techniques or wet chemical routes. The MR strongly depends on
the nature of the used materials, the thickness of the organic spacer and the temperature.

Table 1. Organic spin valves. Abbreviations of molecule names are as follows: PC7Z1BM—phenyl-
C71-butyric-acid-metyl-ester; TCNE—tetracyanoethylene; BCP—buthocuproine; TPD—N,N-bis(3-
methylphenyl)-N,N-diphenylbenzidine; BTQBT—bis(1,2,5-thiadiazolo)-P-quinobis(l,3-dithiole); TIPS-
pentacene—6,13-bis(triisopropylsilylethynyl)-pentacene; DOO-PPV—poly(dioctyloxy)phenyleneviny-
lene; Alqs—tris(8-hydroxyquinolinato)aluminum; Gaqs—tris-(8-hydroxyquinoline)gallium; IC1,H;
(PO;sEty),—diethyl(11-iodoundecyl)phosphonate; Tb[Pc(C1,OPO3Et;)];—terbium bis-phthalocyaninato-
diethyl-phosphonate; NitPO—4-methylbenzylphosphonate)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide; PBHT—poly(3-hexylthiophene); F;TCNQ—2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane;
P3MT—poly(3-methylthiophene); Te—sexithienyl; CVB—4 4'-bis99-(ethyl-3-carbazovinylene)-1,1’-
bipheny; C8-BTBT—2,7-dioctyl [1]benzothieno[3,2-b][1]benzothiophene; PINDI20D-T2)—poly{[N,N'-
bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithio-phene)}; FSBT—poly
(9,9-dioctylfluorene-co-benzothidiazole); Py-Np—4,4’,4” 4" -(pyrene-1,3,6,8-tetrayl)tetraaniline-naphtha-
lene-2,6-dicarbaldehyde; TPP—tetraphenyl porphyrin; Hp Pe—hydrogen-phthalocyanine; CuPc—copper-
phthalocyanine; FePc—iron-phthalocyanine; FigCuPc—fluorinated copper-phthalocyanine; and
BDMT—1 4 benzenedimethanethiol.

Organic Material System (Thickness) MR/Temp. (K) Ref.
LSMO(50 nm)/Cgp(120 nm)/Co(15 nm) ~13.3%/20 K [13]

LSMO(50 nm)/Cgp(180 nm)/Co(15 nm) ~—7%/20 K [13]

LSMO(50 nm)/Cgp(180 nm)/Co(15 nm) ~—4.5%/120 K [13]

LSMO(50 nm)/Cgp(180 nm)/Co(15 nm) ~—1%/290 K [13]

Co(15 nm)/AlOyx(1 nm)/Cgo(5 nm)/Py(20 nm) 9% /300 K [14]

Co(15 nm)/ AlOx(1 nm)/Cg(28 nm)/Py(20 nm) 5.5%/300 K [14]

Co(15 nm)/AlOx(1 nm)/Cegp(18 nm)/Py(20 nm) ~14%/80 K [14]

Fe304/AlOy/Cgo(80 nm)/Co(10 nm) 6.9%/150 K [15]

Fe304/AlOy /Cg0(80 nm)/Co(10 nm) 5.3%/300 K [15]

Fullerene Fe30,/AlOy/Ceo(110 nm)/Co(10 nm) ~2.2%/150 K [15]
Fez04/AlOy/Cgo(110 nm)/Co(10 nm) ~0.5%/300 K [15]

LSMO(50 nm)/Cz7p(120 nm)/Co(15 nm) —8.9%/20K [13]

LSMO(50 nm)/C70(180 nm)/Co(15 nm) ~—6%/20K [13]

LSMO(50 nm)/Cr(180 nm)/Co(15 nm) ~—4%/120 K [13]

LSMO(50 nm)/C70(180 nm)/Co(15 nm) ~—0.8%/290 K [13]

Co(20 nm)/LiF(1.4 nm)/PC71BM(45 nm)/Py(12 nm) ~6.2%/300 K [16]

Co(20 nm)/LiF(1.5 nm)/PC71BM(45 nm) /Py (12 nm) ~1.3%/300 K [16]

Co(20 nm)/LiF(1.6 nm)/PC71BM(45 nm) /Py (12 nm) ~—0.6%/300 K [16]

PC71BM Co(20 nm)/LiF(1.8 nm)/PC71BM(45 nm)/Py(12 nm) ~—2.4%/300 K [16]
Co(20 nm)/LiF(2 nm)/PC71BM(45 nm)/Py(12 nm) ~—1.2%/300 K [16]
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Fe304(100 nm)/ AlOx(2 nm)/rubrene(2 nm)/Co(10 nm) 6% /300 K [17]

Fe304(100 nm)/ AlOx(2 nm)/rubrene(2 nm)/Co(10 nm) 11%/150 K [17]

Fe30,4(100 nm)/ AlOx(2 nm)/rubrene(6 nm)/Co(10 nm) 3.3%/300 K [17]

Fe304(100 nm)/ AlOx(2 nm)/rubrene(6 nm)/Co(10 nm) 9%/150 K [17]

ot MO sy mbrnsbom sk
e nmy o0 5 mmy l66/42K 18

Co(15 nm)/AlOy(2.5 nm)/rubrene(5 nm)/Fe(15 nm) ~—0.058%/100 K [19]

Rubrene Co(15 nm)/AlOx (2.5 nm)/rubrene(10 nm)/Fe(15 nm) ~—0.058%/100 K [19]

Co(15 nm)/AlOx(2.5 nm)/rubrene(5 nm)/Fe(15 nm) ~—0.025%/300 K [19]

Co(15 nm)/AlO4(2.5 nm)/rubrene(10 nm)/Fe(15 nm) ~—0.035%/300 K [19]

LSMO(50 nm)/LAO(1.2 nm)/rubrene(5 nm)/Fe(30 nm) ~12.5%/10 K [20]

LSMO(50 nm)/LAO(1.2 nm)/rubrene(5 nm)/Fe(30 nm) ~3.5%/150 K [20]

LSMO(50 nm)/LAO(1.2 nm)/rubrene(5 nm)/Fe(30 nm) ~0.1%/250 K [20]

LSMO(50 nm)/LAO(1.2 nm)/rubrene(20 nm)/Fe(30 nm) ~0.2%/10 K [20]

o Fe(50 nm)/rubrene(10 nm)/V[TCNE]4 (300 nm) —0.06%/100 K [21]
L<\ *\\://’ Fe(50 nm)/rubrene(10 nm)/V[TCNE], (300 nm) —0.02%/200 K [21]
rA;f /\v/\ \\\\\i; ///N Fe(50 nm)/rubrene(10 nm)/V[TCNE],(300 nm) 0.01%/300 K [21]
Rubrene/TCNE Al(i?nr)‘%{%L%igsgg;?%i‘;gfge)(w ~0.01%/200 K [22]
”jc%w W Co(11 nm)/AlOx(1.5 nm)/BCP(5 nm)/Py(11 nm) ~4.5%/300 K [23]
<;:/\—\\;; Co(11 nm)/AlOx(1.5 nm)/BCP(10 nm)/Py(11 nm) ~4% /300 K [23]

<7j> =/ i—> Co(11 nm)/AlOx(1.5 nm)/BCP(30 nm)/Py(11 nm) ~4% /300 K [23]
BCP Co(11 nm)/AlOX(ééigriI;l)g//]?f:i(rlo nm)/Py(11 nm) ~3% /300 K [24]

- - Co,MnSi(20 nm)/TPD(200 nm)/Co(7 nm) 7.8% /300 K [25]

/ ‘ /)—\ Co0,MnSi(20 nm)/TPD(200 nm)/Co(7 nm) ~11%/150 K [25]
= /th\/ B ::/> N\z\f;/ Co0,MnSi(20 nm)/TPD(200 nm)/Co(7 nm) 10.7%/5 K [25]
~ = = )= LSMO/TPD(200 nm)/Co(7 nm) ~1.5%/250 K [25]
AW A\ LSMO/TPD(200 nm)/Co(7 nm) ~5%/150 K [25]
TPD LSMO/TPD(200 nm)/Co(7 nm) 19%/5 K 25]

1 ’*\: g )OO ‘;J LSMO/ pentacene(200 nm)/L.SMO ~5.5%/5.3 K [26]
pentacene LSMO/pentacene(30 nm)/LSMO ~2%/9 K [27]
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S\
s j—z S LSMO/BTQBT(200 nm)/LSMO ~8%/10K [26]
LS :‘\%/:V\SJ
Wk
BTOQBT LSMO/BTQBT(50 nm)/LSMO ~28%/9.1 K [26]
CoPt(10 nm)/TIPS- 0o
pentacene(75 nm)/ AlOx (2 nm)/Co(10 nm) 0.08%/300 K [28]
CoPt(10 nm)/TIPS- o
pentacene(40 nm)/AlOx(2 nm)/Co(10 nm) ~—045%/300 K [28]
. CoPt(10 nm)/TIPS- . o
14 ) pentacene(40 nm)/AlOx(2 nm)/Co(10 nm) 0.05%/175 K [28]
—
VAR o CoPt(10 nm)/TIPS-
HiC._ _CHy < /) 5C_CH, ~—0.05%
HC T — Ny (;CHa pentacene(100 nm)/AlOx(2 nm)/Co(10 nm) 0.05%/300 K [28]
—si———A H»—=—-s—
me 1 — PR LSMO/TIPS-pentacene single 170
HyC CHy <\/;_() H,C CHs crysta1(269 nm)/Co(lO nm) 17 /0/30 K [28]
) LSMO/TIPS-pentacene single  1ro
— crystal(457 nm)/Co(10 nm) 1.5%/30 K [29]
TIPS-Pentacene
LSMO/TIPS-pentacene single 5o
crystal(269 nm)/Co(10 nm) 2.8%/100K [29]
LSMO/TIPS-pentacene polycryst. o
film(97 nm)/Co(10 nm) 6%/30 K [29]
LSMO/TIPS-pentacene polycryst. Ao
film(97 nm)/Co(10 nm) 3.5%/100 K [29]
LSMO(200 nm)/Hydrogen-DOO-PPV (25 nm)/Co(15 2% /10 K [30]
nm)
LSMO(200 nm)/Deuterium-DOO- o
R PPV(25 nm)/Co(15 nm) ~40%/10K [30]
LSMO(200 nm)/H/D-DOO-PPV(25 nm)/Co(15 nm) ~5%/10 K [30]
o S LSMO(200 nm)/H/D-DOO-PPV(25 nm)/Co(15 nm) ~2.5%/150 K [30]
8' 117
CgHy LSMO(200 nm)/H/D-DOO-PPV(25 nm)/Co(15 nm) ~0.2%/300 K [30]
DOO-PPV LSMO(200 nm)/H-DOO-PPV(55 nm)/Co(15 nm) ~0.2%/10 K [30]
LSMO(200 nm)/D-DOO-PPV(55 nm)/Co(15 nm) ~2.5%/10 K [30]
LSMO(100 nm)/Alq3(130 nm)/Co(3.5 nm) —40%/11 K [31]
LSMO(100 nm)/Alq3(160 nm)/Co(3.5 nm) ~—14%/11 K [31]
LSMO(100 nm)/Alq3(200 nm)/Co(3.5 nm) ~—7%/11K [31]
LSMO(100 nm)/Alq3(250 nm)/Co(3.5 nm) ~—2%/11K [31]
LSMO(100 nm)/Alq3(160 nm)/Co(3.5 nm) ~—2%/130 K [31]
LSMO(100 nm)/Alq3(160 nm)/Co(3.5 nm) ~—0.3%/230 K [31]
Co(8 nm)/Al,03(0.6 nm)/Alqz(1.6 nm)/Py(10 nm) 4.6%/300 K [32]
Co(8 nm)/Al,03(0.6 nm)/Alqz(1.6 nm)/Py(10 nm) 6.8%/77 K [32]
Co(8 nm)/Al,O3(0.6 nm)/Alqz(1.6 nm)/Py(10 nm) 75%/4.2 K [32]
LSMO(15-20 nm)/Alqs (300 nm)/Al,O3 ~01%/20 K [33]

(2 nm)/Co(35 nm)
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LSMO(15 2((2) r;r;))éé};(lg;iorg;m)/Ale3 ~5%/20 K [33]

LSMO(15 Z(g Eﬁ));élocgf)(;(ﬁ?m)/AhOg, 11%/20 K [33]

LSMO(15 2(2 Eﬁgé‘éi‘ggéi(ﬁfm)/ Al2Os —6%/100 K [33]

LSMO(15 2((2) Eﬁ;éé};}gﬁﬁ;w/ AlOs —0.15%/300 K [33]

LSMO/Alq3 (23 nm)/Co-nanodots/Co(7 nm) —1%/10K [34]

LSMO/Alq3 (67 nm)/Co-nanodots/Co(7 nm) —7%/10 K [34]

LSMO/Alq3 (93 nm)/Co-nanodots/Co(7 nm) —300%/10 K [34]

LSMO/Alq3 (135 nm)/Co-nanodots/Co(7 nm) —13%/10K [34]

LSMO/Alq3 (93 nm)/Co(7 nm) —35%/10K [34]

/ LSMO/Alq3 (135 nm)/Co(7 nm) —4%10K [34]

\L\‘ \‘L LSMO/Alq3 (40 nm)/Co(20 nm) ~—18%/100 K [35]
\’\\ L ....... L , LSMO/Alq3 (40 nm)/Co(20 nm) ~—10%/150 K [35]
~ O \ LSMO/Alq3 (40 nm)/Co(20 nm) —0.07%/300 K [35]
1” ﬂ\ LPCMO(60 nm)/ Alqs(60 nm)/Co(10 nm) (11_03;)1;“1)(0)/"K [36]
~ LPCMO(60 nm)/Alqz(60 nm)/Co(10 nm) ~200%(7T)/25 K [36]
Alas LPCMO(60 nm)/Alqz(60 nm)/Co(10 nm) ~100%(7T)/75 K [36]
LPCMO(60 nm)/Alq3(60 nm)/Co(10 nm) ~1%(7T)/150 K [36]

LSMO/Alq3(60 nm)/Co(10 nm) —37%/10 K [36]

SFMO(150 nm)/Alq3(45 nm)/Co(16 nm) 30%/10 K [37]

SFMO(150 nm)/Alq3(45 nm)/Co(16 nm) 25%/100 K [37]

SFMO(150 nm)/Alq3(45 nm)/Co(16 nm) 10%/200 K [37]

SFMO(150 nm)/Alq3(45 nm)/Co(16 nm) 2%/300 K [37]

Fe304(110 nm)/AlO4(2 nm)/Alq3(2 nm)/Co(10 nm) ~12.5%/150 K [38]

Fe304(110 nm)/AlOx (2 nm)/Alq3(2 nm)/Co(10 nm) ~6% /300 K [38]

Fe304(110 nm)/AlOx (2 nm)/Alq3(10 nm)/Co(10 nm) ~4% /150 K [38]

Fe304(110 nm)/AlOy (2 nm)/Alq3(10 nm)/Co(10 nm) ~2% /300 K [38]

Fe304(110 nm)/AlOx (2 nm)/Alq3(20 nm)/Co(10 nm) ~1%/150 K [38]

Fe304(110 nm)/AlOy (2 nm)/Alq3(20 nm)/Co(10 nm) ~0.5%/300 K [38]

FeCo(17 nm)/TPD(50 nm)/ ~0.3%/40 K [39]

Alq3(200 nm)/LiF(1.9 nm)/NiFe(17 nm)

194



Coatings 2024, 14, 682

Table 1. Cont.

Organic Material System (Thickness) MR/Temp. (K) Ref.
4 LSMO(20 nm)/Gaqs (10-15 nm)/AlOx(2 nm)/Co(7 nm)
electrically controlled-high-resistive state —2%/100 K [40]
(oxygen migration)
LSMO(20 nm)/Gaqs (10-15 nm)/AlOx(2 nm)/Co(7 nm)
electrically controlled-high-resistive state —8%/100 K [40]
(oxygen migration)

i’ LSMO/IC12H2(PO3Et2)2(ML)/Gaq3 (40 nm)/ . o
AIO,(2 nm)/Co 1.9%/200 K [41]
LSMO/IC1,Hy(PO3Et;)2(ML)/ Gaqs (40 nm)/ AlOx(2 ~9.8%/100 K [41]

nm)/Co
LSMO/ICleZ (POgEt2)2(ML)/G3q3(4O nm)/ AIOX(2 ~—18%/10 K [41]
nm)/Co
LSMO/Tb[Pc(C1,0OPO3Et)]»(ML)/ o

Gaqs3(40 nm)/AlOx(2 nm)/Co 2%/200 K [41]

LSMO/Tb[Pc(C1,0PO3Et;)]o(ML)/ 970
Gaqs3(40 nm)/AlOx(2 nm)/Co 9-3%/100 K [41]

¢ L/ LSMO/Tb[Pc(C1,0PO3Et,) ] (ML) / _1a0
~ Gaqs(40 nm)/AlOy(2 nm)/Co 13%/100 K [41]

Tb[Pc(C12OPO3Et;) ]
/Gaqs

LSMO(15 nm)/NitPO(ML)/Gaqz(150 nm)/ 4240

AIO,(2 nm)/Co 4.34%/100 K [42]
C

» LSMO(15 nm)/NitPO(ML)/Gaqz(150 nm)/ —71%/3K [42]

NitPO/Gagqs

AlOx(2 nm)/Co
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Organic Material System (Thickness) MR/Temp. (K) Ref
Fes50Co50(20 nm)/P3HT(75 nm) /Nig; Fe19(20 nm) 0.1%/300 K [43]
Fes50Co50(40 nm)/P3HT(150 nm)/Nigj Fe19(20 nm) —0.04%/300 K [43]
NigqFe19(12 nm)/P3HT(30 nm)/ AlOx(1 nm)/Co(10 nm) ~1%/10 K [44]
Fe304(80 nm)/P3HT(12 nm)/AlOx(1 nm)/Co(12 nm) ~2.3%/100 K [45]
Fe;30,4(80 nm)/P3HT(12 nm)/AlOx(1 nm)/Co(12 nm) ~0.75%/200 K [45]
Fe304(80 nm)/P3HT(25 nm)/AlOx(1 nm)/Co(12 nm) ~1.75%/100 K [45]
LSMO/P3HT(100 nm)/Co(10 nm) 80%/5 K [46]
LSMO/P3HT(100 nm)/Co(10 nm) 1.5%/300 K [46]
LSMO(100 nm)/P3HT(80 nm)/AlOx(1 nm)/Co(10 nm) ~02%/2K [47]

15.6%/2 K
(CHo3eCH, LSMO/P3HTannealed(45 nm)/Co ~15%/20 K [48]
/,—7 LSMO/P3HTannealed(72 nm)/Co ~11%/20 K [48]
X . P },} LSMO/P3HTannealed(103 nm)/Co ~8%/20 K 48]
P3HT LSMO/P3HTannealed(175 nm)/Co ~4%/20 K [48]
LSMO/P3HT (45 nm)/Co ~12%/20 K [48]
LSMO/P3HT(72 nm)/Co ~6%/20 K [48]
LSMO/P3HT(103 nm)/Co ~3%/20 K [48]
LSMO/P3HT(175 nm)/Co ~2%/20 K [48]
LPCMO(60 nm)/P3HT(30 nm)/ AlOy /Co(10 nm) 93%/30 K [49]
LPCMO(60 nm)/P3HT(30 nm)/ AlOy /Co(10 nm) ~53%/50 K [49]
LPCMO(60 nm)/P3HT(30 nm)/AlOx/Co(10 nm) ~30%/75 K [49]
LSMO(100 nm)/P3HT(20 nm) / AlOx(1 nm)/Co(10 nm) ~7.5%/2 K [50]
LSMO(100 nm)/P3HT(20 nm) / AlOx(1 nm)/Co(10 nm) ~4%/5 K [50]
LSMO(100 nm)/P3HT(20 nm) / AlIOx(1 nm)/Co(10 nm) ~3%/10K [50]
LSMO(100 nm)/P3HT(20 nm)/ AlOx(1 nm)/Co(10 nm) ~0.1%/30 K [50]
LSMO(100 ;é?j)a/n I:ilgg"((fSO rr:nr?))/ F,TCNQ ~19%,/2 K [51]
LSMO(100 nm)/P3HT(40 nm)/F, TCNQ 6% /5K 51]

- (CHp)sCHN F">—;/I / dopant/Co(15 nm)

[Js‘l N'/::\;‘i%*m LSMO(lOOé‘f;L/n 1325(2450 ;‘;‘))/ FATCNQ ~14%/10K [51]
P3HT/F;-TCNQ LSMO(100 ;é?j)a/n 13133"((1450 rr:nr?))/ F,TCNQ ~13%/15 K [51]
LSMOQUD )/ PSHT(D )/ FTCNQ Jemk
LSMO/P3MT(15 nm)/Co(15 nm) ~—43%/20 K [52]
LSMO/P3MT(15 nm)/Co(15 nm) ~—0.3%/280 K [52]

LSMO/Tg(70-140 nm)/LSMO

15-30% /300 K

Te LSMO/T4(200 nm)/LSMO

7-10%/300 K

196



Coatings 2024, 14, 682

Table 1. Cont.

Organic Material System (Thickness) MR/Temp. (K) Ref.
B LSMO/CVB(100 nm)/Co ~—15%/14 K [53]
1 LSMO/CVB(100 nm)/Co ~—3.5%/140 K [53]
CVB
Ni78F922/C8-BTBT(2 nm)/Ni78Fe22 ~*0.30/0/300 K [54]
‘\\\r’cuHi/ Ni78F622/C8-BTBT(4 nm)/Ni78Fe22 ~O.5°/0/300 K [54]
Py/C8-BTBT(IML)/Co ~—1%/10K [55]
Py/C8-BTBT(2ML)/Co ~—12%/10 K [55]
LSMO(100 nm)/P(NDI20D-T2)(35 nm)/ o
AlOy(1.5 nm)/Co(10 nm) 30%/42K [56]
LSMO(100 nm)/P(NDI20D-T2)(35 nm)/ e
ks AlO(1.5 nm)/Co(10 nm) 18%/50 K [56]
S LSMO(100 nm)/P(NDI20D-T2)(35 nm)/ 50,
é[ T “-ﬁ/‘* ek AlOx(1.5 nm)/Co(10-nm) 5%/150 K [56]
N LSMO(100 nm)/P(NDI20D-T2)(35 nm)/ .
o ( T«"‘io AlO(1.5 nm)/Co(10 nm) ~1%/250 K [56]
b LSMO(100 nm)/P(NDI20D-T2)(100 nm)/ o
o AlO(1.5 nm)/Co(10 nm) 10%/4.2K [56]
P(NDI20D-T2) SO e y Y
LSMO(100 nm)/P(NDI20D-T2)(100 nm .
AlOy (1.5 nm)/Co(10 nm) ~5%/50K [56]
LSMO(100 nm)/P(NDI20D-T2)(100 nm)/ e
AlOy(1.5 nm)/Co(10 nm) 2%/150 K [56]
LSMO(50 nm)/PIID-CNTVT-C1(40 nm)/Py(10 nm) ~19%/50 K [57]
LSMO(50 nm)/PIID-CNTVT-C1(40 nm) /Py(10 nm) ~14%/100 K [57]
% *V ~ LSMO(50 nm)/PIID-CNTVT-C1(40 nm)/Py(10 nm) ~8%/150 K [57]
= I LSMO(50 nm) /PIID-CNTVT-C1(40 nm)/Py(10 nm) ~3%,/200 K [57]
T LSMO(50 nm)/ PAIID-CNTVT-C1(40 nm)/Py(10 nm) ~25%/50 K [57]
LSMO(50 nm)/PAIID-CNTVT-C1(40 nm)/Py(10 nm) ~17%/100 K [57]
PIID-CNTVT-C1: X=C LSMO(50 nm)/PAIID-CNTVT-C1(40 nm) /Py (10 nm) ~10%/150 K [57]
PAIID-CNTVT-C1: X=N
LSMO(50 nm)/ PAIID-CNTVT-C1(40 nm)/Py(10 nm) ~5% /200 K [57]
i LSMO(50 nm) /PIID-CNTVT-C3(40 nm) /Py (10 nm) ~16%/50 K [57]
. LSMO(50 nm)/PIID-CNTVT-C3(40 nm)/Py(10 nm) ~12%/100 K [57]
XQ\‘”Y" LSMO(50 nm) / PIID-CNTVT-C3(40 nm) /Py (10 nm) ~6%/150 K [57]
Yl
{ —/ [C 7[ LSMO(50 nm) /PIID-CNTVT-C3(40 nm) /Py (10 nm) ~2%/200 K [57]
07 N I
) > 1} LSMO(50 nm)/ PAIID-CNTVT-C3(40 nm)/Py(10 nm) ~23%/50 K [57]
LSMO(50 nm)/ PAIID-CNTVT-C3(40 nm)/Py(10 nm) ~15%/100 K [57]
PIID-CNTVT-C3: X=C-H LSMO(50 nm)/PAIID-CNTVT-C3(40 nm) /Py (10 nm) ~10%/150 K [57]
PAIID-CNTVT-C3: X=N LSMO(50 nm)/ PAIID-CNTVT-C3(40 nm)/Py(10 nm) ~5% /200 K [57]
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LSMO(30 nm)/PIID-TVTCN(25 nm)/Co(10 nm) ~—23%/50 K [58]
LSMO(30 nm)/PIID-TVTCN(25 nm)/Co(10 nm) ~—8%/200 K [58]
LSMO(30 nm)/PAIID-TVTCN(25 nm)/Co(10 nm) ~—10%/50 K 58]
L LSMO(30 nm)/PAITD-TVTCN(25 nm)/Co(10 nm) ~—3%,200 K (58]
‘ LSMO(30 nm)/PFIID-TVTCN(25 nm)/Co(10 nm) ~—16%/50 K [58]
Y LSMO(30 nm)/PFIID-TVTCN(25 nm)/Co(10 nm) ~—5%/200 K [58]
r\ Pl L51\40(3A01 Sng / :r;l)?c?(g?l()% nm)/ 4% /200 K (58]
PIID-TVTCN: X=C-H LSMO(30 nm)/PAIID-TVTCN(25 nm)/ 17950 K (58]
PAIID-TVTCN: X=N AlOy (2 nm)/Co(10 nm)
PFIID-TVTCN: X=C-F LSMO(30 nm)/PAITD-TVTCN(25 nm)/ 5% /200K 58]
AlO4(2 nm)/Co(10 nm)

O o vy ooy /200K (58]
NiFe(12 nm)/PNVT-8(15 nm)/Co(12 nm) ~0.35%/10 K [59]
% NiFe(12 nm)/PNVT-8(15 nm)/Co(12 nm) ~0.18/150 K [59]
{/,ﬁf?_N\ﬁo NiFe(12 nm)/PNVT-8(15 nm)/Co(12 nm) ~0.12/300 K [59]
0%>—<—<\—</ﬂ NiFe(12 nm)/PNVT-CN-8(15 nm)/Co(12 nm) ~0.22/10 K [59]
/ZN%\; Xﬂ s NiFe(12 nm)/PNVT-CN-8(15 nm)/Co(12 nm) ~0.1%/150 K [59]
) F L\% NiFe(12 nm)/PNVT-CN-8(15 nm)/Co(12 nm) ~0.08% /300 K [59]
 ONVE& XeH NiFe(12 nm)/Au(3 nm)/PNVT-CN-8(25 nm)/Co(12 nm)  ~—0.1%/100 K [60]
PNVT-CN-8:X=CN NiFe(12 nm)/Au(3 nm)/PNVT-CN-8(25 nm)/Co(12nm)  ~—0.08%/300 K [60]
o £ NiFe(12 nm)/PNVT-10(15 nm)/Co(12 nm) ~0.19%/10 K [59]
o ) NiFe(12 nm)/PNVT-10(15 nm)/Co(12 nm) ~0.07/150 K [59]
‘P/ﬁ(i N;>=O NiFe(12 nm)/PNVT-10(15 nm)/Co(12 nm) ~0.02/300 K [59]
;}/ﬁ:i;>~ \\ NiFe(12 nm)/PNVT-CN-10(15 nm)/Co(12 nm) ~0.13%/10 K [59]
Oj\‘wﬁg; o x/ﬂ\ . NiFe(12 nm)/PNVT-CN-10(15 nm)/Co(12 nm) ~0.05/150 K [59]
) C\,}*CQ' t2s [\} NiFe(12 nm)/PNVT-CN-10(15 nm)/Co(12 nm) ~0.02/200 K [59]
o PNVLA0: XeH NiFe(12 nm)/Au(3 nm)/PNVT-CN-10(25 nm)/Co(12 nm)  ~0.05%/10 K [60]
PNVT-CN-10:X=CN NiFe(12 nm)/Au(3 nm)/PNVT-CN-10(25 nm)/Co(12 nm)  ~—0.03%,/100 K [60]
LSMO(20 nm)/F8BT(45 nm)/ M(.)OX (3 nm)/Co(20 nm) ~9%/20 K [61]

N /\ magneto-electroluminescence ~2.4%/20 K
/N % LSMO(20 nm)/F8BT(45 nm),/MoOx (3 nm)/Co(20 nm) ~7%/30 K [61]
1;6; NCgHyr N"*s)h LSMO(20 nm)/F8BT(45 nm)/ M(.)OX (3 nm)/Co(20 nm) ~3%/100 K [61]

FSBT magneto-electroluminescence ~0.4%/100 K
LSMO(20 nm)/F8BT(45 nm)/MoOx (3 nm)/Co(20 nm) ~1%/150 K [61]
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LSMO/Py-Np(90 nm)/Co(20 nm) ~—27%/30 K [62]
LSMO/Py-Np(90 nm)/Co(20 nm) ~—19%/100 K [62]
LSMO/Py-Np(90 nm)/Co(20 nm) ~—9%/150 K [62]
“ LSMO/Py-Np(90 nm)/Co(20 nm) ~—2%/200 K [62]
Py-Np
[ ~ ) LSMO(50 nm)/TPP(20 nm)/Co(5 nm) ~—15%/80 K [63]
~ . LSMO(50 nm)/TPP(20 nm)/Co(5 nm) ~—6%/80 K [63]
~¢ \:/r’ e s
- N
- TPP } LSMO(50 nm)/TPP(20 nm)/Co(5 nm) ~—3%/80 K [63]
O
— | i
g Co(12 nm)/ AlOy(1.5 nm)/H,Pc(90 nm) /Py
) N spin-photovoltaic-resistive levels control with light ~7%/300 K [64]
Bl intensity
— \—/
H2PC
Fe(25 nm)/CuPc(100 nm)/Co(5 nm) 6.4%/40 K [65]
Fe(25 nm)/CuPc(100 nm)/Co(5 nm) 3.2%/80K [65]
= - Fe(25 nm)/CuPc(100 nm)/Co(5 nm) 1.8%/120 K [65]
a LSMO/CuPc(110 nm)/Co ~—6%/10 K [66]
\ LSMO/CuPc(110 nm)/Co ~—45%/110K [66]
LSMO/CuPc¢(110 nm)/Co ~—1%/300 K [66]
LSMO/CuPc¢(50 nm)/Co ~—20%/10 K [66]
LSMO/CuPc¢(160 nm)/Co ~—25%/10K [66]
LSMO/CuPc(200 nm)/Co ~—0.5%/10K [66]
) N ) Co/FePc(50 nm)/Co 4%/10K [67]
T -
s T/ f Co/FePc(50 nm)/Co 1.2%/50 K [67]
(# S \\(\
FePc Co/FePc(50 nm)/Co 0.5%/100 K [67]
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Table 1. Cont.

Organic Material System (Thickness) MR/Temp. (K) Ref.
Co/AlOx/F16CuPc(15 nm)/Py ~4% /300 K [68]
Co/AlOx/F16CuPc(90 nm)/Py ~4% /295 K [68]
Spin-photovoltaic (vacuum or air) —30/—25%/295K
NiFe(15 nm)/FeCo(10 nm)/BDMT(1 nm)/ o
AlOx(1 nm)FeCo(35 nm) 24%/20K [69]
“ . NiFe(15 nm)/FeCo(10 nm)/BDMT(1 nm)/ .
ST AlOx(1 nm)/FeCo(35 nm) 1.9%/100 K [69]
BDMT NiFe(15 nm)/FeCo(10 nm)/BDMT(1 nm)/
iFe(15 nm)/FeCo(10 nm nm o
AlOx(1 nm) /FeCo(35 nm) 0.25%/300 K [69]

The variation in the MR values of organic spin valves is related to several parameters,
such as the following;:

The spin polarization of the ferromagnetic electrodes;

Tunneling/Spin injection from the ferromagnetic electrode into the organic layer;
Spin transport through the organic layer;

Spin detection at the other electrode.

Therefore, the MR of the organic spin valves can also be expressed by adapting the
Julliere formula as follows:

2P Pye4/As
MR — 142¢€

where d is usually the thickness of the spin transport medium and As the spin diffu-
sion length.

For efficient spin valves with high MR, the junctions preferably contain ferromagnetic
electrodes with a high spin polarization. In particular, from oxides with the perovskite-
based crystal structure, lanthanum strontium manganite with the general formula
Laj_SrxMnQO3, where x describes the doping level, known by its abbreviation LSMO,
has a 100% spin polarization at low temperatures [70] and is one of the most used ferro-
magnetic electrodes (especially as the bottom electrode) in organic spin valves (see Table 1).
As another La-comprising perovskite oxide material, (Lay/3Prq /3)5,8Caz,;sMnO3 (LPCMO)
has a nearly maximum spin polarization (~97%) [71,72] and is starting to be employed
in organic spin valves [36,49], leading to an incredibly large MR effect of up to 440% [36].
Moreover, it is worth to mention here the fact that LPCMO presents domains of electronic
phase separation characterized by the coexistence of ferromagnetic metallic and antifer-
romagnetic insulating phases that can be magnetically controlled with preset magnetic
fields, permitting the achievement of a nonvolatile tunable MR response in organic spin
valves [36]. Starting from this result, one can imagine complex structured hybrid systems,
like lateral arrays of tranches and nanowires [73-76], as templates for molecular assemblies
that can provide an adjustable MR. The double perovskite SroFeMoOg (SFMO) is also a po-
tential material for organic spintronics with a high spin polarization (of 100% theoretically
predicted [77] and ~85% experimentally detected [78]), used recently in organic-based junc-
tions [37]. Additionally, magnetic oxides, such as Fe3O4 which has a high spin polarization
of about -80% [79], are often used in organic spin valves [15,17,38,45]. Other materials with
full spin polarization and a great potential in spintronics and multifunctional materials
are Heusler compounds [80-82], from which Co,MnSi has a 100% spin polarization [83]
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and can be employed in organic spin valves [25]. Magnetic transition metals Fe (44%),
Co (34%) [84] and/or alloys of these metals, including FeCo (50%) [85], NiFe (45%) [86],
NiggFepo (~30%) [86,87] also called permalloy (Py) and close composition alloys such as
Nig; Fej9 and NiygFey; have an elevated Curie temperature (>700 °C) and are often used
(mostly as a top electrode) in organic junctions (see Table 1).

Depending on the thickness of the separating layer, this can serve as a spin-conserved
tunneling barrier or a spin transport medium. In the case of magnetic junctions with an
organic spacer, the concept of tunneling is controversial, due to hybridization effects at
interfaces and to the fact that the MR response is very similar either for tunneling or spin
injection. However, for very thin thicknesses of only a few nm of the organic spacer (see
Table 1), the tunneling mechanism is considered [63,88,89]. For organic spin valves, there
are different mechanisms regarding the spin injection. A prime factor to be considered not
only for the spin injection but also for the transport and the spin collection or detection
is the energy level alignment at the metal-organic interface. Thus, the position of the
Fermi level (Ep) of the metal with the work function (¢) in rapport with the positions of
the molecular orbitals of the organic material with ionization energy (I,) and the electron
affinity energy (E,) aligned at the vacuum level (Ev) determines the type of charge carrier.
An example is shown in Figure 3. If the Er of the metal is closer to the lowest unoccupied
molecular orbital (LUMO), the main charge carriers are electrons (Figure 3a). If the Ef of the
metal is closer to the highest occupied molecular orbital (HOMO), the main charge carriers
are holes (Figure 3b). Moreover, one has to consider that because the spin polarization
of the electronic states at different energy levels of the ferromagnetic electrode may be
different, the spin injection and detection are likely different for different types of carriers
and different energy alignments at the metal-organic interface. Additionally, alignment
mismatches at interfaces may induce additional spin injection or collection problems (see,
for example, Figure 3a).

(a) B ¥ E, (b)E\,—;\ﬁ— 7 7 E

P 4 ‘e
- iEa | | LLUMO 2> |
b vol (2 i
. LUMO,. i 1 iFs i
e/ | el ;
Ee i H— TN R E iy o=y Er
ik F HOMO
v v
HOMO

Figure 3. A schematic representation of the charge carrier transport consisting of (a) electrons (e™)
and (b) holes (h*) in metal-organic-metal junctions for an applied bias voltage AV, in function of the
energy level alignment, where Ey is the vacuum level, Ep is the Fermi level, ¢ and ¢; are the work
functions of the two metals, LUMO and HOMO are the lowest unoccupied and the highest occupied
molecular orbitals with an Eg energy gap between them and I, and E, are the ionization energy and
the electron affinity energy, respectively.

Regarding the spin injection, every so often, a tunnel spin injection barrier consisting of
a thin insulating film, such as AlOy which is the most used (see Table 1), MoOy [61], LAO
(LaAlOs3) [20] or other films, like, for example, LiF [16] or organic layers [39,41,42,51], is
inserted in between the ferromagnetic electrodes and the organic spin transport medium.
These layers are used to optimize and tune the spin injection through processes such as
solving the energy level mismatch at interfaces or tailoring the bend bending. Moreover, the
inserted interfacial layer can improve the interface qualities, like, for example, in vertical
junctions, it can reduce the penetration of the top ferromagnetic metallic electrode, or an
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organic spinterface [90-93] can ensure a less rough interface or better anchoring and tune
the interface resistance [94-97].

Recently, several innovative spin injection methods based on studies on inorganic
materials were proposed. From these, ferromagnetic resonance spin pumping injection is a pure
spin injection process conducted by applying an external microwave field at its resonance
frequency that generates a spin precession within the ferromagnetic layer, leading to an
excess of spin angular momentum. When the precession frequency fits the microwave
field, pure spin currents are injected into the organic layer through exchange interactions at
the metal-organic interface [98-100], which lead to an induced electric field based on the
inverse spin Hall effect, excluding the need for a bias voltage and resolving, thus, energy
level alignment mismatches at interfaces.

Hot-electron spin injection or ballistic spin injection can be implemented in a three-
terminal junction that contains three metal electrodes: an emitter, a base and a collector.
From these layers, either the emitter or, in most cases, because a higher spin-polarized
current is generated, the base should be ferromagnetic. The emitter and the base are
separated by a tunnel barrier, while between the base and the collector is the spin transport
medium, i.e., the organic layer. By applying a bias voltage between the emitter and the
base, hot carrier electrons (or holes) are generated into the base that exhibit a ballistic
spin filter effect based on different mean free paths of the majority and minority spin in
the ferromagnet leading to a very high spin-polarized current that can be injected above
the LUMO level for electrons (or below the HOMO level for holes) and measured at the
collector if the applied voltage exceeds the injection barrier, i.e., the Schottky barrier, at
the metal-organic interface [101-103]. In addition, hot electrons can be generated optically,
using a photon photoemission process by applying an ultrashort laser pulse that generates
hot electrons into the ferromagnet, from which a fraction can be ballistically injected at
the metal-organic interface into the LUMO of the organic layer. Afterward, by applying a
second laser pulse, the spin-polarized electrons remaining in the organic material can be
excited into the vacuum and then photoemitted and detected [104]. Regarding spin-related
optical effects, it is worth mentioning the coupling with luminescent and photovoltaic
process that can lead to an enhancement in the electroluminescence intensity by the spin-
polarized carriers [61] and to the manipulation of the spin-related magnetic response of the
junction by the intensity of an irradiating light [64,68].

Another strategy to generate spin polarization in organic materials includes the
chirality-induced spin selectivity injection. This can be reached when electrons with a spin
orientation like the chirality of their transport medium are selected in favor of others that do
not match this criterium [105-108]. The approach can lead to very high spin polarizations,
also more than 80% [109].

Moreover, charge transfer spin polarization induced by an asymmetric population of
molecular orbitals can be generated at the molecular level [110-112].

The transport of spin-polarized carriers through the organic layer is realized mainly
through a hopping mechanism; however, for molecular crystals and polymers, a band
transport is possible. Exchange coupling modes may be considered as an additional
contribution for a very high concentration of transport carriers in doped or impurity band
organic films. The spin diffusion thorough the organic layer for the hopping mode is
defined principally by two factors, the spin diffusion length (As) and the spin relaxation

time (), as follows:
kgT
As = 4] BT The ®3)

where kg is the Boltzmann constant, T is the temperature, g is the carrier charge and u
is the mobility. Therefore, a long spin diffusion length can be reached for a long spin
relaxation time and high mobility. The spin relaxation time is mainly influenced by the
spin orbit coupling and the hyperfine interactions. The spin orbit coupling characterizes
the interaction between the spin and the orbital angular momentum of the charge carrier,
which contributes to the spin—charge conversion and the spin relaxation. Usually, the
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spin—orbit coupling is proportional to the fourth power of the atomic number. Thus, in
organic materials that contain light-weight elements, such as C, H, N and O, the strength
of the spin—orbit coupling is weak leading to an extremely long spin relaxation time. The
hyperfine interaction, reported to be strong only for localized carriers, characterizes the
exchange interactions between the spin of the charge carriers and of the nuclei (which are
the half-integer nuclear spins of the atoms) and causes spin relaxations, as demonstrated, for
instance, for deuterium/hydrogen substitution is DOO-PPV [30] where As was increased
significantly by deuteration. The mobility of the charge carriers is influenced by the
molecular structure, carrier type (the mobility of electrons is higher than the one of holes),
morphology of the films, packing modes, aggregations, disorder, defects, impurities and
temperature. Crystals, polymers and the highly ordered stacked molecular aggregation
of m-conjugated systems have a high mobility and weak spin scattering effects leading to
long spin transport distances. The impact of various parameters on the spin transport and
the related value of the MR can be deduced by a comparison of various organic junctions
mentioned in Table 1.

The mobility for organic materials is the factor that strongly decreases A as the spin
relaxation time is high compared to inorganic materials [113].

2.2. Ferroelectric Junctions and Organic Ferroelectrics

Ferroelectric materials are dielectrics that possess a spontaneous electrical polarization
whose orientation can be switched by an external electric field, with a critical value denoted
the coercive field. Ferroelectrics are also pyroelectrics, piezoelectrics and present second
harmonic generation properties. In ferroelectric junctions that consist of a ferroelectric
film sandwiched between metallic electrodes, the current across the thick ferroelectric
film (ferroelectric diode [114,115]) or the thin ferroelectric barrier (ferroelectric tunnel
junction [5-8]) can be modulated by the orientation of the electrical polarization of the
ferroelectric film.

The electroresistance modulation associated with the electric field-induced polariza-
tion reversal is in principle related to electrostatic effects at ferroelectric-metal interfaces. At
the interface, polarization-generated charges that have different polarities in function of the
orientation of the polarization will have, accordingly, an attraction or repulsion effect on the
transport charge carriers. This effect arises over a short distance 6 in the metal within which
the electrons screen the polarization charges depending on the density of states at the Fermi
level, giving rise to different  for different metals. The incomplete screening modifies the
depolarization field [7] and the electrostatic potential at each ferroelectric-metal interface
(Figure 4) seen by the transport electrons [8,116]. Thus, the electronic potential profile is
asymmetric and is modulated by the orientation of the polarization (Figure 5), which is
controlled with an external electric field. In Figure 5, for simplicity, it is considered that the
metals have a similar work function (@1 =~ ¢,) marked as ¢, while 6; > 6,. The interface
electrostatic effects are stronger as the thickness of the ferroelectric is smaller; thus, the
electroresistance modulation by the orientation of the polarization is larger for ferroelectric
tunnel junctions than for ferroelectric diodes. Moreover, the electroresistance values can
be modulated to several resistive or also called memristive levels by applying progressive
voltage pulses that partially switch the polar ferroelectric domains, which can reach a
very high of a few orders of magnitude on—off ratio for the opposite orientation on the
electrical polarization [117,118]. The electroresistance modulation can also be implemented
in metal —organic ferroelectric-metal junctions [119-125]. Moreover, an electroresistance
percentage (ER) can be deduced in a similar way as for magnetic spin valves described by

the following:

Ruy — R
= P Tdown 60 (%) )

ER
Rdown

where R, and Ry, denote the corresponding resistance for opposite orientations of the
electrical polarizations of the ferroelectric field.
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(a)

charge
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(b) electrostatic potential profile

distance
(0}
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Figure 4. A schematic representation of the charge distribution (a) and the electrostatic potential
profile (b) in metal-ferroelectric-metal junctions for a polarization P and a depolarizing electric field E,
where 81 and §; are the screening distances in each metal electrode and ¢ and ¢, the corresponding
electrostatic potentials. The dashed lines in panel (b) are related to the reversed orientation of the
polarization P.

(a) o+ (b)

Er

Metal 2 Metal 2

Figure 5. A schematic representation of the asymmetric electronic potential with an average height
er, and eg, respectively, in a metal-ferroelectric-metal junction for different orientations of the
polarizations, Py, (a) and Pr (b), respectively, assuming that ¢ ~ @ = @ and &; > &, (resulting

b1 > ¢2).

Ferroelectricity appears in films or crystals of organic materials by following a few
conditions, such as the following:

*  the presence of electrical dipoles;

* the arrangement of the dipoles in non-centrosymmetric structures to avoid canceling
each other through dipole-dipole interactions;

e the compliance of properties with electrical polarization switching transitions that should
have a sufficiently low energy-switching barrier affordable by the organic system.

The switching transitions can be associated with disorder-order transitions (which con-
sist of rearrangements of individual molecules or of polar components) or displacive transi-
tions (which consist of molecular displacement or of charge or ion displacement) [126-128].
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Nevertheless, complex organic materials and metal-organic structures may include combi-
nations of these processes. Organic ferroelectrics, depending on the composition, can be
classified in the following: 1. single molecular components; 2. polymers and oligomers; 3.
charge transfer complexes, or metal-organic complexes and hydrogen-bonded co-crystals.
Table 2 contains a few examples for each category. In order to be included in ferroelec-
tric junctions, ferroelectric films can be deposited by thermal evaporation, e.g., organic
molecular beam epitaxy, similarly to the organic spin valves for small single-component
systems, or wet chemical methods that are mostly used [119-125], including spin coating,
drop casting, Langmuir-Blodget, etc., for polymers and other macromolecular structures.

Table 2. Organic ferroelectrics. Abbreviations of molecule names are as follows: TCAA—trich

loroacetamide; TEMPO or tanane—tetramethyl-2,2,6,6-piperidinyl-oxyle; CDA—cyclohexan-l,l’-

diacetic acid; TCHM—tricyclohexylmethanol; DNP—I1,6-bis(2,4-dinitrophenoxy)-2,4-hexadiyne;

CBDC—<cyclobutene-1,2-dicarboxylic ~ acid; PhMDA—2-phenylmalondialdehyde; 3-HPLN—3-

hydroxyphenalenone; MBI—2-methylbenzimidazole; DC-MBI—?5,6-dichloro-2-methylbenzimidazole;

1P—2-(p-tolyl)-1H-phenanthro[9,10-d]imidazole; SF-PFA—N-salicylidene-2,34,5,6-pentafluoroaniline;

FF—diphenylalanine; PVDF—poly(vinylidene fluoride); P(VDE-TYFE)—poly(vinylidene fluoride—
trifluoroethylene); P(VDEF-HFP)—poly(vinylidene fluoride-hexafluoropropylene); TTF/CA—tetra

thiafulvalene/chloranil; TTF/BA—tetrathiafulvalene /bromanil; Phz/H,ca—phenazine/2,5-dicloro-3,6-
dihydroxy-p-benzoquinones; Phz/H,ba—phenazine/2,5-dib-romo-3,6-dihydroxy-p-benzoquinones;

DMBP/H,ia—5,5'-dimethyl-2,2’-bipyridine/2 5-diiodo-3,6-dihydroxy-p-benzoquinones; Hdabco/ReOs—
1,4-diazabicyclo[2.2.2]octane perrhenate; TGS—triglycine sulfate; TSCC—tris-sarcosine calcium chloride;

and Rochelle salt—potassium sodium tartrate tetrahydrate.
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Hdabco/ReOy [157] TGS [158,159] TSCC [160] Rochelle salt [161]

The electrical polarization switching mechanism of organic ferroelectrics can be related
to their structure and composition. The majority of single-component systems, which are
mentioned in part 1 of Table 2, form crystallographic structures through hydrogen bonds
such as N-H---O, O-H---N, O-H:--O and N-H---N. These intermolecular interactions allow
for both the disorder—order and the displacive transitions in the polarization orientation
processes. Thus, electrical polarization switching involves molecular rotations (such as,
for example, for thiourea [129], CDA [132], glycine [143], thymine [144]), the reorientation
of functional groups (such as, for example, for TCAA [130], TEMPO [131], TCHM [133],
benzil [134], DNP [135]) and the intermolecular displacement of H* within hydrogen
bonds (such as, for example, within O-H.:-O for squaric acid [136], CBDC [137], croconic
acid [138], PAMDA [137] and 3-HPLN [137]; within N-H---N for MBI [139], DC-MBI [139],
1P [140] and guanine [142] and within N-H---O for FF [145]). The latest example can be
photo-activated. Another photo-induced switching is produced by a H* intramolecular
displacement within the O-H:--N bonds for SA-PFA molecules [141]. The polymeric
systems that are included in part 2 of Table 2 all switch their electrical polarization by
the reorientation of functional groups and rotations of polymeric chains [146-152]. The
bicomponent systems from part 3 of Table 2 change their polarization state by electronic
transfer for TTF/CA [153,154] and TTF/BA [154] and by H* transfer within O-H:--N bonds
for Phz/Hjca [155], Phz/Hjba [155] and DMBP /Hjia [156]. The polarization changes for
the systems in the last row of Table 2 are all produced by molecular reorientations and
order—disorder transitions [157-161].

3. Organic Multiferroic Junctions

OMEFJs can be obtained by combining the previously described devices, for instance,
introducing an organic ferroelectric film as the separating medium in an organic spin
valve. The main characteristic of OMEF]s is the possibility to electrically control the spin
polarization at the ferromagnet-organic—ferroelectric interfaces by switching the electrical
polarization of the ferroelectric and thus manipulating the MR and ER effects.

These coupled processes were first demonstrated for inorganic multiferroic tunnel
junctions [2,3,162]. Experimentally, recent studies on OMF]Js using a few organic ferro-
electric materials, such as PVDF [163-165], P(VDE-TrFE) [166,167] and croconic acid [168],
have confirmed their memristive behavior manipulated with electric and magnetic stimuli.
The rich variety of possibilities (see Table 2) of including other ferroelectric organic and
biomolecular materials in OMF]Js opens further routes for tuning the magnetoelectric and
electronic/spintronic properties of these systems. As for any other organic spin valves and
ferroelectric junctions, the MR and ER effects depend on other parameters and conditions.
Moreover, the ferroelectric control of the spin polarization can induce the reversal of the
magnetoresistance hysteresis (see Figure 2), i.e., the spin rectification effect, by switching
the electrical polarization.

The MR effect of OMFJs, as for any organic spin valve, strongly depends on temper-
ature and the thickness of the organic film. Expected consequences of these factors can
be observed on the examples represented in Figure 6a—d. Moreover, the ER effect is also
affected by these parameters (Figure 6d). Furthermore, the interfaces play a crucial role in
defining the MR, ER and the coupled effects. For LSMO/PVDE/Co systems presented in
Figure 6c,e, the PVDF/Co interface is different as the Co layer was deposited at low and
room temperature, respectively. The MR for a supposedly rougher interface, with diffusion
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channels that also affect the thickness of the spin transport medium, is negative and does
not show spin rectification for any electrical polarization orientation of the ferroelectric
film (Figure 6e). For a similar system, by intercalating a thin MgO layer, the MR becomes
positive (Figure 6e,f).
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Figure 6. MR and ER effects influenced by various factors such as interface, thickness and temper-
ature on OMFJs containing PVDF in (a,b) Fe3O04/AlO/PVDEF/Co (adapted with permission from
Ref. [164]); (c,d) LSMO/PVDE/Co (adapted with permission from Ref. [165]); (e,f) LSMO/PVDE/Co
and LSMO/PVDF/MgO/Co junctions (adapted with permission from Ref. [163]).

A similar behavior of the MR, ER and spin rectification effect with the temperature and
the thickness is encountered in the LSMO/P(VDF-TrFE)/Co system (Figure 7). As expected,
the MR and ER decrease by increasing the temperature and the thickness (Figure 7b,d f,g).
Different tendencies at certain temperature ranges may be related to a different spin
transport mechanism [164]. Moreover, the thickness is important for determining the
sign of the MR and the spin rectification effect (Figure 7a—f). In addition, the memristive
properties of the ferroelectric spacer and the ferromagnetic—ferroelectric interface coupling
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induce mainly an increase in the MR and ER with the magnitude of the external electric
field applied successively to the OMEF] (Figure 7i).
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Figure 7. MR and ER effects influenced by thickness, temperature and the applied electric field on
OMEJs containing P(VDF-TrFE) films in LSMO/P(VDF-TrFE)/Co systems. (a—f) panels adapted with
permission from Ref. [167]; (g-i) panels adapted with permission from Ref. [166].

The role of the electric field and measurement values of the bias voltage in the MR
was carefully investigated for the LSMO/ croconic acid/SiO, /Co system [168]. Positive
and negative electrical pulses are used to switch the polarization of the ferroelectric film to
on and off states. But, additionally, a negative applied voltage with a magnitude above a
certain threshold for measuring the MR induces the spin rectification effect (Figure 8). The
ferroelectric-metallic interface effects of the OMF]s are used to fine-tune the MR.
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Figure 8. MR and ER effects of a LSMO/ croconic acid /SiO, /Co OMEF] influenced by the polarity
and magnitude of the measurement voltage (a-c) and temperature (d). The figure was adapted with
permission from Ref. [168].

4. Conclusions and Outlook

The recent realization of OMF]Js by combining the knowledge on organic spin valves
and organic ferroelectric junctions shows encouraging results on exploiting the magne-
toelectric coupling, electrostatic and energy alignment conditions at the ferroelectric—
ferromagnetic interfaces to tune the MR and ER. Depending on these factors and the
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related variable parameters like, for example, the materials, the thickness, an intercalated
oxide layer at the organic—metal interface and the temperature, the memristive states
of OMFJs can be manipulated by triggering the external magnetic and electric stimuli.
The memristive properties of switching and retaining the electrical resistance using the
spin degree of freedom of electrons can principally be used as nonvolatile memory ele-
ments to store and process information with less power consumption and can serve as
models of synaptic and neuronal operations. The promising results of OMFJs [163-168]
open routes for new research contributions exploring various materials and conditions
to optimize their properties. For instance, a large variety of molecular and biomolecular
ferroelectrics [129-161] can be used as the spin transport medium in OMF]Js. Extensively
used magnetic films may be replaced by other magnetic compounds with high polarization
in spin [25,80-83], new magnetic constituents such as 2D van der Waals materials [169-175],
or 2D networks of organic and metal-organic magnets on surfaces [110-112,176-183],
metal-organic frameworks [20,21], heterostructures [110,111,184-186] and organic spinter-
faces [13,49,51,90-92,163,187] as electrodes to improve the spin injection and/or the func-
tionality of OMFJs. A few recent successful examples already include some of these new al-
ternative types of electrodes for photovoltaic [188], capacitive [189] and spin-crossover [190]
devices. Further studies may be important to also explore the potential of OMF]s for flex-
ible electronics, wearable electronics, transient electronics, bioelectronics and perchance
coupling their properties with light-related phenomena in magneto-optics, optoelectronics
or photovoltaics contributing to the advancement of nanostructures and thin films [191].
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