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ABSTRACT

Atomic layer deposition (ALD) is known as a key enabler of the continuous advances in device engineering for microelectronics. For
instance, the state-of-the-art transistor technology depends entirely on ALD-grown high-x materials. Another application branch where ALD
could potentially play a similar important role in future is the magnetic thin film devices. Spin-based devices based on high-quality magnetic
thin films are anticipated to provide high-efficiency operations with low power consumption. The strict quality demands the magnetic thin
films must fulfill in the next-generation applications form the strong bases for the efforts to implement ALD in this application area. In this
first comprehensive review on the topic, our aim is to provide an insightful account of the ALD processes so far developed for magnetic mate-
rials and to highlight the application-relevant magnetic properties of the thus fabricated thin films. Moreover, we discuss the various innova-
tive engineering efforts made toward different multi-layered and nanostructured composite materials and complex architectures uniquely
enabled by the sophisticated self-terminated film-growth mechanism of ALD. The review is finished with a brief outlook toward the future
prospects and challenges in the field.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0172732
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Many of these strongly emerging applications require ultra-thin and
conformal magnetic coatings, which can also be fabricated at relatively
low temperatures and integrated with other device components for
advanced architectures. Atomic layer deposition (ALD) is a uniquely
suited thin-film technology to address these demands, as it has the
superior capability to produce uniform and pinhole-free thin films
over complex substrate structures for a wide material repertoire rang-
ing from complex metal oxides and chalcogenides to pure metals and
intermetallics.” ' Importantly, ALD is already the state-of-the-art
technology in microelectronics and beyond,"' ' which allows novel
ALD processes to be readily integrated into the current industrial
setup.

Despite this obvious increasing demand, the progress made in the
magnetic ALD thin-film research segment has deserved only limited
attention. There are recent comprehensive reviews focusing on the
prospective role of ALD in specific application fields, such as cataly-
sis,'”  Dbatteries,'® '® photovoltaics,m‘w’zo thermoelectrics,”’  fuel
cells,”>?* optoelectronics,l/l and semiconductors,” but no reviews dedi-
cated to the ALD-grown magnetic materials. It is, therefore, the inten-
tion of this first comprehensive review specifically focusing on
magnetic thin films to provide a full account of their fabrication pro-
cess development gradually made over the years, highlight the most
exciting results obtained thereof, and offer an outlook to the future
research of this topic, including an insight into prospective magnetic
material classes, which could highly benefit of the inherent advantages
of the ALD technique. Figure 1 displays the annual numbers of pub-
lished ALD reports related to magnetic thin films, and the division of
these publications into the different magnetic material families: binary
iron oxides, ternary/quaternary iron oxides, other metal oxides, single-
metal cobalt, nickel and iron, metal alloys/intermetallics, as well as
other materials including transition metal carbides, selenides, inorgani-
c-organic thin films, and some multilayer structures. It should be
noted that not all these publications include magnetic property charac-
terization, but a considerable fraction of the papers focus on the pre-
cursor and deposition process development, essential for the
production of high-quality magnetic thin films. However, for each
material included one publication in minimum presents magnetic
property characterization data.

The very first ALD process reported for a well-established mag-
netic material was the ternary process for LaMnOj; films by Nilsen
et al”* This low-temperature ferromagnetic (FM) perovskite and its
derivatives had already been extensively investigated for years in the
bulk form for their versatile magnetic and magnetoresistance proper-
ties,”” but the challenge for the ALD growth was the optimization of
the deposition parameters for a process with multiple precursors.
Another example from the nearly opposite end of the timeline is the
recent success in depositing in situ crystalline ¢-Fe,O3 thin films from
the two simple precursors, FeCl; and H,0.*>”” This ferrimagnetic
(FiM) polymorph of trivalent iron oxide is extremely difficult to stabi-
lize through conventional synthesis and, hence, not widely known;
nevertheless, &-Fe,O; is a highly promising candidate for next-
generation spintronic devices due to its giant room-temperature (RT)
magnetic coercivity (up to 20kOe), ferroelectricity, and zero-field FM
resonance.” "’

Viable ALD processes have been developed for magnetic metals
(Fe, Co, and Ni) and metal alloys/intermetallics as well. These deposi-
tions are challenging though, as they require highly reductive co-
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FIG. 1. Division of ALD-grown magnetic thin films into magnetic material families
(top): binary iron oxides, ternary/quaternary iron oxides, other oxides, cobalt, nickel,
iron, alloys/intermetallics, and others (transition metal carbides, selenides, inorgani-
c-organic thin films, and multilayers). Annual ALD publications of magnetic thin
films (bottom); note that not all of these publications on magnetic materials include
magnetic-property characterization but may instead focus on the ALD process
development.

reactants such as H, plasma and also often result in island-type film
growth, which leads to discontinuous and granular films.” Great pro-
cess and precursor development efforts have been made especially for
cobalt—an important FM material—to overcome these issues.””*" For
instance, Kerrigan et al.”” deposited in situ crystalline and continuous
cobalt thin films at appreciably low temperatures on both platinum
and copper substrates. The same ALD process was later successfully
applied for the deposition of ultra-thin cobalt films on the topological
insulator material, szTg,.‘m’33 Also excitingly, the ALD of so-called van
der Waals (vdW) two-dimensional (2D) transition metal dichalcoge-
nides is already rather well-established for certain materials such as
MoS,.”* So far, though, the majority of the published works on the
vdW 2D ALD films have focused on their electronic and electrochemi-
cal properties.”” The potential of both vdW and non-van der Waals
(non-vdW) 2D magnetic materials is briefly discussed in the outlook.

Appl. Phys. Rev. 10, 041313 (2023); doi: 10.1063/5.0172732
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Application-wise, ALD processes of magnetic thin films have
been investigated and developed, e.g., for high-density data storage
applications,””” magnetic tunnel junctions,””’ magneto-optics,"’
sensing devices,”**” microelectromechanical systems (MEMS),"' mag-
nonics,"” and different flexible devices.””*>** In light of this wide scope
of potential applications, it was somewhat surprising that only one pat-
ent was found in which ALD was used as the key fabrication technique
for a magnetic device; this patent from 2002 describes magnetic tunnel
junctions such as Co/Al,O;/Co fabricated either partly or solely with
ALD." In Sec. V11, we will discuss this issue of lacking patents in more
detail, in connection to the apparent need to invest more efforts to
device planning in order to forward this field further. The high-quality
demands the magnetic thin films must fulfill in the next-generation
applications underline the increased interest in implementing ALD as
the deposition technique for these advanced thin-film materials.
Moreover, ALD is known for its superior capability to produce highly
conformal thin-film overlayers and coatings, which provides unique
opportunities for fundamental studies related to the geometrical effects
on magnetic properties.*®

The goal of this review is to provide the current status and future
prospects of ALD grown magnetic thin films and their potential appli-
cations. We start the review with introduction to the current variety of
magnetic materials and their magnetic properties most relevant to
thin-film applications (Sec. II) as well as the ALD technique and its
extension to multilayer structures (Sec. I1I). Section I'V then provides a
comprehensive account of the ALD fabrication processes so far devel-
oped for different magnetic materials. In Secs. V and VI, respectively,
we highlight some exciting material-engineering concepts challenged
for ALD-grown magnetic thin films, and the magnetic property char-
acteristics so far realized for these materials. In Sec. VII, we will pro-
vide a brief outlook to the future prospects and challenges of the field,
and finally, the review is wrapped up to a short conclusion in Sec. VIII.

Il. BRIEF ACCOUNT OF MAGNETIC MATERIALS
AND THEIR APPLICATIONS

A. Magnetic material variety

Magnetic materials are an integral part of our society, with their
annual market value of tens of billions of dollars.”* Ferro- and ferri-
magnetic materials cover the lion’s share of the commercially used
magnetic materials, some of which are collected in Fig. 2. Most of these
materials are based on a few 3D transition metals (Fe, Co, and Ni) and
4f lanthanides (Nd and Sm) with unpaired electrons. Barium and
strontium ferrites, the most important bulk hard ferrites, are used in a
wide spectrum of applications from fridge magnets to motors. The
more expensive but high-performance neodymium-based Nd-Fe-B
alloys, on the other hand, are used in demanding applications such as
wind turbines.”® The so-called electrical steel (Fe-Si), also used in
motors and other electrical machines, is the market leader among the
bulk soft magnetic materials.”” The Co-Fe alloy, used as a high-
performing electromagnet, has a giant magnetic saturation that enables
high magnetic flux densities, which is highly beneficial for applications
where reduced size and weight of the device is of significance.

The major industry branch of magnetic thin films is set up by
magnetoresistive devices and magnetic recording media.”” For
instance, the data of magnetic memory devices are processed with
giant magnetoresistance (GMR) or tunneling magnetoresistance
(TMR) reading and writing heads, while GMR/TMR sensors are

REVIEW pubs.aip.org/aip/are
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FIG. 2. Schematic summary of the commercial bulk magnetic (FM/FiM) materials
sorted based on their most characteristic magnetic properties: magnetic hardness
and magnetic saturation.

extensively used in automotive industry. Moreover, the
magnetoresistance-based spin valve devices and also other FM thin
film structures are piercing into other commercial fields as well such as
biomedical and chemical sensing applications.”

For the thin film materials, ferromagnetic metals and alloys have
been the most common choice in a large part of the applications;
Ni-Fe and Co-Fe alloys have been used for the writing and reading
heads, while magnetically hard CoCrPt-oxide and Fe-Pt have been
developed for the magnetic media to replace the previously used
7-Fe;05 to reach higher data storage densities.”””” Novel material
choices are increasingly pursued for the spin-based applications. For
instance, Fe;0, is an appealing candidate due to its ferromagnetic and
half-metallic nature. Other spinels, such as CoFe,Q,, are also explored
for magnetic recording among other applications, due to their versatile
magnetic and magneto-optical properties. The ternary oxide thin films
can be deposited through ALD with excellent control over the compo-
sition and magnetic properties. "’

In recent years, increasing interest has been devoted to multifer-
roic thin films as enablers of future spintronics applications.”
Multiferroic materials have at least two of the following properties: fer-
romagnetism, ferroelectricity, and ferroelasticity.”* The most interest-
ing and widely pursued combination is ferromagnetism plus
ferroelectricity with magnetoelectric (ME) coupling. This combination
of properties would enable the electrical control of magnetic properties
and vice versa, which is the essence of the spintronics devices with low
power consumption and high operating efficiency.” For instance, fast
electric writing and nondestructive magnetic reading would open new
pathways for next-generation nonvolatile data storage devices.

Only a fraction of all known magnetic materials is in commercial
use, since there are several requirements from material properties to
economic aspects that must be fulfilled to break the market. One of the
crucial properties is the Curie temperature (Tc) below which the
unpaired spin moments of the paramagnetic (PM) phase are collec-
tively aligned for the material to become FM, FiM, or antiferromag-
netic (AFM). Most FM and FiM materials have T values well below

Appl. Phys. Rev. 10, 041313 (2023); doi: 10.1063/5.0172732
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the typically desired operation temperatures, which inhibits their utili-
zation in practical applications. For example, in consumer applications
the T¢ value should be well above room temperature.

Here, it should be noted that even though FM and FiM materials
cover most of the application platforms of magnetics, other types of
magnetism are also pivotal for various applications. For example, AFM
NiO is used in spin valves (e.g., reading heads) as a pinning layer,"’
whereas PM metal chelates are used in magnetic resonance imaging.”
At the same time, biomedical applications are in need for novel super-
paramagnetic systems. For instance, biocompatible iron oxides are
heavily studied for magnetically controlled drug delivery, in which the
drug molecules are released by external magnetic field to efficiently tar-
get the drug molecules to specific areas, such as tumors. Other biomed-
ical applications requiring superparamagnetic materials include
biosensors, and magnetic hyperthermia in cancer treatments.” **

B. Hysteresis loop and coercive field

Magnetic hysteresis is the most essential property of FM and FIM
materials.”” Schematic magnetization (M) curves as a function of an
applied external magnetic field (H; M-H curve) of hard (blue) and soft
(light blue) FM/FiM materials are shown in Fig. 3. Upon increasing
the external field, the magnetic domains gradually orient according to
H, and the material reaches its saturation magnetization (M) when
the domains get fully oriented. Then, when switching the external field
to zero (H=0), the magnetic domains are aligned according to the
magnetic easy axis (a preferred direction of spin orientation), resulting
in non-zero net magnetization (remanent magnetization; M,) despite
the absence of the external field. Typically, M, < M; due to imperfect
alignment of crystallites (magnetic domains). The zero net magnetiza-
tion (M = 0; magnetic domains randomly orientated) is reached once
sufficient external field (coercive field; H.) is applied in the opposite
direction of the initial magnetization. The magnitude of H. depends

REVIEW pubs.aip.org/aip/are

on how well the material can retain its magnetic ordering under the
opposing external field. Materials with low H, and high H, are classi-
fied as soft and hard magnets, respectively. Once the external field is
further increased from H = H,, the material will again reach the M; of
the same magnitude but in the opposite direction.

The hysteresis loop is observed only for FM and FiM materials; a
PM material is magnetized according to the external field, but the
magnetization is not preserved when the external field is switched off.
Also, their magnetization (spin orientation) is weak in comparison to
ferromagnets. Superparamagnetic materials, on the other hand, are
nanoscale FMs or FiMs with strong intrinsic magnetization but zero
M;; when the particle size of a FM grain is decreased to ~10 nm, the
magnetic ordering is readily overcome by thermal fluctuations as the
energy required to break the magnetic ordering is in the range of
kpT.?’ Thus, the magnetization is lost in the absence of an external
field. The smaller the particle size, the higher the temperature at which
FM/FIM turns into superparamagnetism (blocking temperature).
Accordingly, a relatively large particle size is needed to obtain strong
FM/FiM. However, as-deposited films are often of low crystallinity
and, hence, as-deposited hard magnets can be tough to achieve. Often,
once thermal annealing is performed, the degree of crystallinity and
the crystal size increase, which enhances the interaction volume and
magnetocrystalline anisotropy of the magnetic domains, thus leading
to stronger FM/FiM."'

Generally, a H. value of 1000e is considered a minimum
requirement for hard ferromagnets though it is still quite low com-
pared to most permanent magnets.”* For instance, the coercivity of
commercial bulk hard magnets such as Nd-Fe-B, Al-Ni-Co, CoSmy,
and MnAl is on a scale of 1-10kOe."”” High coercivity is particularly
important for thin-film applications due to scaling effects. To increase
the data storage density of current magnetic memory devices, the indi-
vidual magnetic crystallites per unit area must be increased, ie., the

M
M,
M, ]
M=0
{I T~
- i
/ ya
— (= (- IH

Antiferromagnetic
H=0

> > >

- - -« - -

‘ —_ e e e -
=e= |l Paramagnetic
M=0 H=0 _H,

FIG. 3. Schematic representation of the M-H curves and spin alignment of FM, FiM, AFM (M-H curve excluded), and PM materials. Orientation of the magnetic domains are
sketched for M = Ms (domains are orientated according to the external field; net magnetization) and M = 0 (domain are orientated randomly in the absence of external field;
zero net magnetization). The blue and light blue M-H curves correspond to hard and soft FM/FiM, respectively; hard magnets have higher coercive field (H.) and, thus, broader
hysteresis compared to the soft magnets. PM materials have zero net magnetic ordering in the absence of external field and, hence, no hysteresis. Furthermore, the ability of
PM materials to magnetize according to external field is weaker compared to FM/FiM materials, resulting in lower Ms.
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size of the magnetic crystallites must be decreased.””"* This requires
thin-film materials with high magnetic coercivity since harder magnets
have a higher ability to retain the FM characteristics when the size of
the magnetic domains is decreased. In the case of a soft FM with
weaker magnetic interactions, the magnetic ordering of small crystalli-
tes and domains is easily lost due to thermal energy (superparamagnet-
ism), resulting in the loss of the information stored in the magnetic
units.

C. Magnetic anisotropy in thin films

Magnetic anisotropy of thin films derives at least from two fac-
tors: magnetocrystalline anisotropy is an intrinsic material property
that depends on the crystal structure, while shape anisotropy is an
engineered property.”” For hard FMs, the magnetocrystalline anisot-
ropy is large meaning that the tendency for magnetization is signifi-
cantly higher for the so-called crystallographic magnetic easy axis
compared to other crystallographic directions (hard axes). On the con-
trary, the magnetocrystalline anisotropy is low for magnetically soft
materials, though it can be increased through stress (strain) or non-
stoichiometry.

For thin films, shape anisotropy is of major importance as the
small film thickness induces a strong demagnetization field perpendic-
ular to the film surface. As a consequence, the magnetic easy axis is
readily formed along the film surface (in-plane; Fig. 4). This relatively
strong effect can easily overcome the magnetocrystalline anisotropy;
even though the magnetocrystalline easy axis would be perpendicular
to the surface (out-of-plane), the overall magnetic easy axis is forced
in-plane by the shape anisotropy. However, for applications rather the
perpendicular magnetic anisotropy (PMA) is often pursued, as the
out-of-plane magnetization enables the higher magnetic domain den-
sity, which in turn would allow the higher magnetic data-storage
density.

Surface anisotropy, induced by anisotropic surroundings or sur-
face atoms, is highly important especially for ultra-thin films. It can
drive the film either toward in-plane or out-of-plane magnetization.
Indeed, multilayer structures built up of multiple ultra-thin layers is an

REVIEW pubs.aip.org/aip/are

effective route to achieve PMA. In cobalt-based multilayers, such as
Co/Pt and Co/Pd, the seed layer (e.g., Ru, Ta, Pd) directs the crystallo-
graphic easy axis toward out-of-plane, which is further intensified by
the interfaces of the multilayer structure.”>"”

Strain induced by a lattice-mismatching substrate or defects is
another important parameter for magnetic thin films. For instance, for
CoFe,0, the PMA can be tailored by using a MgO substrate to create
in-plane strain or by inducing oxygen deficiency to create compressive
strain and strong out-of-plane coercivity.”**’

Similarly, 3D nanostructuring can be utilized to achieve PMA
(Fig. 4). Since the magnetic easy axis is bound to be in-plane for most
cases, having the film surface perpendicular to the substrate turns the
easy axis in perpendicular direction with respect to the substrate.
Therefore, magnetic nanotubes in combination with the ALD tech-
nique owing to its excellent conformality could provide us with an
exciting platform to challenge the PMA; both magnetic metal oxide
(Fe;0,4) and metallic (Co, Ni) nanotubes with preferred out-of-plane
magnetization have been demonstrated, as will be discussed in more
detail in Sec. VI.**”" The nanotube architectures could be applied for
advanced switching purpose such as high-density magnetic bit storage,
especially when sophisticated multilayer core/shell structures are
applied.”’

l1l. INTRODUCTION TO ATOMIC LAYER DEPOSITION
TECHNIQUE

The unique precursor pulsing scheme, which makes the ALD
technique so attractive, was originally developed for ZnS electrolumi-
nescent displays by Suntola and co-workers in Finland around the
1970s.>”* Up to this date, ALD has been mainly applied in the semi-
conductor industry (e.g,, high-x dielectric HfO, in transistor technol-
ogy), but there is an ever-increasing interest in other application fields
such as photovoltaics and other energy harvesting/storage technolo-
gies, MEMS, and 3D nanodevice fabrication.”*”® In this section, the
basics of ALD processes and precursor chemistry are shortly intro-
duced. All the metal precursors used for the ALD of magnetic thin
films are listed in Table I. Moreover described is the concept of super-
cycles applied for the more elaborated multi-layer structures.

ln plane easy axis

Out of plane hard axis

-

PMA
In plane hard axis
Out of plane easy axis

FIG. 4. Schematic representation of the magnetic anisotropy of thin films (left) and perpendicular nanotubes (right). The arrows drawn for each case depict in-plane (orange)
and out-of-plane (purple) magnetization direction. The magnetic hysteresis is stronger along magnetic easy axis (and saturation is achieved with smaller external field) com-
pared to hard axis. For thin films, the magnetic easy axis is typically in in-plane direction due to shape anisotropy, while for the nanotubes the easy axis is shifted to out-of-plane
(PMA) direction with respect to the substrate due to the orientation of the nanotubes. In consequence, the strong in-plane hysteresis shifts to the out-of-plane direction.
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A. Conventional ALD method

Atomic layer deposition is an advanced thin-film technique
based on self-terminating gas-solid interface reactions;””*’ the self-
termination derives from the condition that the gaseous chemical
precursors react only with active sites on the surface and not with
each other in the gas phase. Figure 5(a) illustrates a typical ALD
process of a binary material. The first precursor is introduced into
the reaction chamber with the help of an inert carrier gas (N, or
Ar). Once the surface is saturated and (ideally) one monolayer has
been formed, the excess precursor and by-products formed during
the gas—solid reactions are removed from the reaction chamber by
inert gas purging to prevent gas-phase reactions with the upcoming
precursor. Then the second precursor pulsed to the reaction cham-
ber will react with the surface formed during the previous precursor
pulsing, thus forming a new saturated surface. The excess precursor
and by-products are again removed, and the next ALD cycle may
start again. As a result, the film is grown layer-by-layer in a highly
controlled manner.

The so-called growth-per-cycle (GPC) value depicts the thick-
ness of each layer formed during one ALD cycle.” Ideally, it would
equal the thickness of an ideal saturated material layer but due to
effects such as steric hinderance of precursor ligands and the chem-
istry of the surface, GPC is often somewhat less than the ideal
monolayer thickness. Typically, within a certain deposition temper-
ature range, the chemical reactions are self-terminating, and the
film surface is saturated during each deposition cycle, resulting in
an essentially constant film growth rate over the deposition temper-
ature range. Outside this temperature window, the self-terminating
and saturated film growth may be corrupted for reasons such as pre-
cursor decomposition (excessive temperature) or condensation (low
temperature), which cause abrupt changes in the growth rate and
quality of the growing film.

However, the growth rate is not always constant within the
self-terminating temperature range either due to, for instance,
changes in the density of active sites (e.g., OH-groups) on the sur-
face,”" or orientation of the growing crystals. Hence, the most cru-
cial criterion for the ideal ALD film growth is that the chemical
reactions are self-terminating, seen as a saturation of the GPC value
once a sufficient precursor pulse length is applied [Fig. 5(b)].
Sufficient purging length is also crucial for the ALD process as it
ensures that ALD sub-cycles do not overlap and cause undesired
gas-phase reactions. Another indication of the ideal layer-by-layer
film growth is that the film thickness increases linearly with the
number of ALD cycles applied. Here, some deviations can be seen
during the initial ALD cycles due to the different surface chemistry
and morphology of the substrate compared to the surface of the
growing film. The self-terminating chemistry is the very origin for
the superior properties of ALD including the excellent uniformity,
pinhole-free structure even for ultra-thin films, facile thickness con-
trol through the number of ALD cycles, and excellent conformality
even for extreme aspect ratios.

B. Extension of ALD to multilayer concepts

Due to the layer-by-layer type film growth mechanism, the differ-
ent ALD cycles are modular in the sense that they can be combined in
any arbitrary manner for the growth of various multilayer structures.
The strong connection between the different layers is achieved owing
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to the fact that the ALD films grow via chemical surface reactions.
Through the use of ALD supercycles (Fig. 6), both variously
substituted binary metal oxide films (e.g., Fe;,Co,O,)"" and ternary
(e.g., BiFeOs, SrCo0;5_s)** and even quaternary materials (e.g.,
La, SryCoO5_g, La; .Ca,MnO;)*** have been grown with ALD. The
supercycles enable having arbitrary sequence of different precursor
species, thus allowing full freedom for engineering of the chemical
composition. Also, it is possible to create nanolaminate-type structures
by combining compatible ALD processes and repeating those sequen-
tially for the growth of the two different materials on top of each other
(e.g, &-Fe;05:58i0,).”" Similarly, it is also possible to replace the co-
reactant (e.g., H,O) with an organic precursor (e.g., hydroquinone) in
the supercycle sequence to grow inorganic:organic superlattice (SL)
structures (Fig. 6). In this latter case, the organic precursor-based
deposition cycle is called MLD (molecular layer deposition), as the
organic layers grow in molecular steps.”” Thus, the full cycle is referred
to as ALD/MLD supercycle.

As an example of inorganic ternary thin films, multiferroic
BiFeO; thin films have been fabricated through the deposition of alter-
nating ultra-thin BiO, and FeOy layers from triphenyl bismuth [Bi
(ph)s] and Os, and iron(III) tris(2,2,6,6-tetramethyl-3,5-heptodionate)
[Fe(thd);] and O; precursors, respectively.88 In this case, the crystalli-
zation of the targeted ternary phase requires a post-deposition anneal-
ing. The challenge is the tendency of the two individual metal oxide
phases, Bi,O; and Fe,Os, to crystallize if the mixing of the metals
remains incomplete. However, if the ALD processes of both oxides are
well-defined, the layer thicknesses of the both binary oxides, and, thus,
the final composition and structure can be easily controlled with high
precision, which enables a facile engineering of the functional proper-
ties of the film; it has been shown that BiFeOj; thin films with both
bismuth-rich and iron-rich layers exhibit better overall multiferroic
properties compared to stoichiometric BiFeOj; thin films (Sec. V1).”
Moreover, post-annealing is not a prerequisite for multicomponent
ALD as in situ crystalline ternary thin films (CoFe; ,O,4) can be
achieved with robust control over the stoichiometry simply through
the sequence of the supercycle containing both metal species (Sec.
IVB).

The strategy to combine single MLD cycles with ALD cycles for
the fabrication of inorganic:organic SL structures was originally devel-
oped for ZnO-based superlattices in which the embedded monomolec-
ular organic layers were shown to efficiently suppress the thermal
conductivity of the films.”””" Later similar efforts to insert organic
layers within the inorganic ALD-grown matrix have been made also to
bring mechanical flexibility or bandgap control for the films.”” **
Moreover, both regular SLs and irregular/gradient structures have
been demonstrated.”” Most excitingly, flexible, optically controlled RT
ferromagnetic ¢-Fe,Os:azobenzene (ADA) SL thin films have been
grown through the ingenious ALD/MLD technique (Secs. V A and
\r’l).ST"B

C. Precursors

Chemical precursors are the key to successful ALD as the deposi-
tion process is predominantly governed by the precursor chemistry.
The main features concerning the precursors are self-terminating
chemistry, thermal stability, and volatility.””*"”*"" Same precursor
molecules cannot react among themselves, but the different precursors
of a specific ALD process should have high reactivity toward each
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TABLE I. Metal precursors employed in the ALD processes for magnetic thin films discussed in this review. The precursors are divided based on the ligand type. Sublimation

temperature refers to the precursor heating temperature used in the ALD process.
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Ligand
Ligand system abbregviation Metal  Precursor/Sublimation temp. (°C) Reference
f-diketonates  2,2,6,-tetramethyl-3,5- thd Fe, Co, Ni, 110-130 Fe(thd); Fet» 881057111
heptanedionate Bi, Mn, Er, 93-120 Co(thd), Cop107:108,112,113
Ca, Sr,La, 115 Ni(thd), Ni
Sm, Tb, Y, 140-168 Bi(thd), B{$2110.11L.115
Yb,Lu 15116 Mn(thd)s Mp?2439:112,116-119
150-160 Er(thd), Er'?%20
195 Ca(thd), Ca*
N/A Sr(thd), Lu'"”
162-185 La(thd); Sr”?
139-141 Sm(thd)s La2%3985117,118
128-130 Tb(thd)s Sm'"”
123 Y(thd); Tb'"
123 Yb(thd), Y116117,119
123 Lu(thd); Yb''’
Acetylacetonate acac Fe, Ni 80 Fe(acac); Fe'2l122
180-200 Ni(acac), Njl# e
183 Mn(acac); Mn'?°
155 Co(acac)s Co'”’
Bis(acetylacetonate) N,  (acac),tmeda Ni 95 Ni(acac),tmeda Ni'%?
N,N’,N’-tetramethyl-
ethylenediamine
Bis(acetylacetonate) (acac),(py)2 Ni 130 Ni(acac),(py), Ni'™?
dipyridine
Alkoxides and Tert-butoxide O'Bu Fe 100-105 Fe[(O'Bu)s], Fe’041:42:46,89,128-132
iminoalkoxides = Pyridine tert-butoxide ~O'Bu(CsHsN) ~ Fe,Gd ~ 150-170 GdFe(O'Bu)s(CsHsN), Fe, Gd'*
Methoxide OMe Ti 130 Ti(OMe), Ti'?
Isopropoxide OCH(Me), Ti 35 Ti(OCH(Me),), i
2,3-dimethyl-2-butoxide dmb Bi 85 Bi(dmb); Byl #1152
1-methoxy-2-methyl-2- mmp Bi 135-145 Bi(mmp); Bi'*7 1
propoxy
(N-isopropyl) ipki Fe 100 Fe(ipki)z Fe! 01140
ketoiminate
1-(tert-butylimino)- ‘BuMeCOCN'Bu Fe 120 Fe("BuMeCOCN'Bu), Fe'??
2,3,3-trimethylbutan-2-
olate
1-(tert-butylimino)-2,3- "PrMeCOCN'Bu  Co, Ni 130 Co(‘PrMeCOCN'Bu), Co'”
dimethylbutan-2-olate 120 Ni(‘PrMeCOCN'Bu), Ni'®?
Metallocenes Cyclopentadienyl cp Fe, Co,Ni  80-200 Fe(cp), Fe % 10400171 115,120,128,129,135-169
(metallocene) 78-100 Co(cp)2 COSl,/1(),/1'1,7(),128.158—161,1(»7,1(\8,17()—178
50_90 Nl(Cp)z Ni40,42,7(),]28,14‘),]51,1()5,](\7,1()8,]7‘) 185
150 Y(cp)s Y
Methylcyclopentadienyl MeCp Co 56 Co(MeCp), Co'**
2,4-methylpentadienyl 2,4-MeCp Fe 55 Fe(2,4-MeCp), Fe'"
Tert-butyl (‘BuCp)cp Fe 65 (‘BuCp)FeCp (=TBF) Fe'®®
cyclopentadienyl
Ethylcyclopentadienyl EtCp Co, Ru 70 Co(EtCp,) Co'"*
N/A Ru(EtCp,) Ru'®
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hydride

other. Thermal stability is crucial as precursor decomposition is detri-
mental to the self-terminating chemistry and saturated film growth.
Volatility again can be an issue especially for solid precursors since a
sufficient vapor pressure is required to produce an adequate number

of gaseous precursors to the gas phase. In addition to these three main
precursor characteristics, the reactivity of the precursor is also of great
importance; it largely defines the feasible co-reactants and deposition
temperature range.
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TABLE I. (Continued.)
Ligand
Ligand system abbreviation Metal  Precursor/Sublimation temp. (°C) Reference
Methylcyclopentadienyl ~ (MeCp)Mes Pt 75 (MeCp)PtMe; pt'”®
trimethyl
(1*-cyclohexenyl) (> (Chex)cp Ni 50 Ni(Chex)cp Ni'”’
cyclopentadienyl)
(Dimethylaminomethyl) ~ DMAMcp Fe N/A DMAMFeCp Fe'**!”!
metallocene (=DMAMFc)
Carbonyls Carbonyl CO Co RT V(CO)¢ VOB
25 Co,(CO)s Co' "™
Cyclopentadienyl Cp(CO), Co 20-45 CpCo(CO), Co' %1%
dicarbonyl
Tertbutylallyl ‘Bu-Allyl(CO); Co 35 ‘Bu-AllylCo(CO); Co'”®
tricarbonyl
Cyclohexadiene C4Hg(CO)s Fe - CgHgFe(CO)s Fe'””
tricarbonyl
Trimethylsilyl TMSCp(Co), Co 40 TMSCpCo(Co), Co'”
cyclopentadienyl
dicarbonyl
Halides Chloride Cl Fe 158-175 FeCl; Fe?0-27 189198
164 BiCls Bi'””
162 HfCl, Hf'07200
160 ZrCly Zr!'20200 N
N,N,N/,N'-tetramethyle- Cl,(TMEDA) Co 140-185  CoCL(TMEDA) Co!0201-20° g
thylenediamine 2
dichloride 8
Amidinates N,N’-di-t- ‘Bu-MeAMD Fe 75-120  Fe(*Bu-MeAMD), Fe’%7* §
butylacetamidinato 2
N,N'- Pr-MeAMD  Co,Ni ~ 50-65  Co(Pr-MeAMD), Co'/120t207 &
diisopropylacetamidinato 55 Ni(‘Pr-MeAMD), NiZ%
1,4-di-tert-butyl-1,3- tBu,DAD Co,Ni  128-130 Co(‘Bu,DAD), Co 072720821
diazabutadienyl 140 Ni(‘Bu,DAD), Njl00212
N, N diisopropyl- DIPPA Fe 80 (DIPPA),Fe Fe”’
propionamidinate
N-tert-butyl-N’- CoAMD Co 80 CoAMD Co™? 2"
ethylpropionamidinato
Cyclopentadienyl Co(cpAMD) Co 75 Co(cpAMD) Co'*
isopropyl acetamidinate
N,N’-diisopropyl-2- DPDMG Gd 120-135 Gd(DPDMG); Gd'*
dimethylamidoguanidinato
bis(trimethylsilyl)amide ~ Fe(btmsa), Fe 65 Fe(btmsa), Fe’!?
Alkyls Phenyl ph Bi 200 Bi(ph); Bj*& 105104
Methyl CH,4 Bi e (CH,);Bi Bi'?’
Ethyl et 7n RT Zn(et), 71 160-162,167,168,184
Tributyl TBH Sn 30 TBTH (Sn) Sn'%20?
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FIG. 5. (a) Schematic representation of the ALD cycle for a binary material such as a metal oxide. The chemical precursors of both components (metal and oxygen) are intro-
duced to the reaction chamber one at the time. The precursors react on the substrate surface forming one monolayer during each cycle. The different precursors are sepa-
rated by inert gas purging, which removes all the excess gas-phase precursor and by-product molecules from the reaction chamber, thus preventing the occurrence of
undesirable gas-phase reactions, which would result from overlapping precursor pulsing. Adapted with permission from Knez et al., Adv. Mater. 19, 3425 (2007). Copyright
2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.”® (b) Schematic illustrations of the basic ALD process characteristics. The film growth rate (GPC value) is saturated
with sufficient precursor pulse length (left); at the saturation regime, the GPC is independent of the pulse length since all the active sites on the surface are consumed, i.e.,
increasing the pulse length does not affect the growth rate once the saturation is achieved. On the other hand, sufficient precursor purge length is required to separate the dif-
ferent precursor sub-cycles (middle). Insufficient purging results in increased GPC (and poor film quality) due to gas-phase reactions. Once the purging length is sufficient,
the GPC remains constant. The controlled layer-by-layer film growth enabled by the precursor saturation provides highly linear film growth with the number of ALD cycles
applied (right).

oxygen source but, in turn, corrosive by-products (e.g, HCI) are
formed in the surface reactions. Metal amidinates are relevant precur-

The different precursor types used in the ALD processes of mag-
netic materials discussed in this review are sketched in Fig. 7.

Metalorganic f-diketonates and metallocenes are widely used ALD
precursors due to their robustness and viable self-terminating chemical
reactions. On the other hand, due to their low reactivity, these precur-
sors often need a strong oxidizer (e.g., O;) as the second precursor.

sor choices for both metal oxide water processes and for the deposition
of metallic thin films.”*”*"'” However, the amidinates can suffer from
low thermal stability due to the relatively weak metal-nitrogen bond-
ing. Iminoalkoxides and ketoimidinates, composed of both strong

In the case of highly reactive metal halides, water can be used as the metal-oxygen and weak metal-nitrogen bonds, can overcome this issue
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FIG. 6. Schematic illustration of multicomponent ALD for doped/ternary/quaternary inorganic thin films (left), and ALD/MLD for inorganic—organic thin films (right) through the
use of supercycle sequencing. The basic ALD cycle consisting of a sequential pulsing of two precursors is shown in the middle. By utilizing the supercycle method, the basic
ALD cycle can be combined with another (or several) ALD cycle(s) to bring another (or more) metal component(s) to the material, or with an MLD cycle to combine monomolec-
ular organic layers with inorganic layers. In both cases, high-precision engineering of the different material layers and thereby the overall chemical composition of the resultant
thin film is achieved. In our example here, the basic ALD process is for iron oxide thin films; the multicomponent ALD approach is for ternary CoFe,O,4 spinel films and the
ALD/MLD approach for &-Fe,03:ADA superlattice films.

9%:70:90 ¥20z Asenuer zz

Appl. Phys. Rev. 10, 041313 (2023); doi: 10.1063/5.0172732 10, 041313-9

© Author(s) 2023


pubs.aip.org/aip/are

Applied Physics Reviews

O,

N O |
M M
N DN F

G = |
ANV \ 7/
/M\ M
o o |
A Y I
(o]

B-diketonate  Iminoalkoxide =~ Metallocene Carbonyl
cl —N/\A h—
[ it "
7 M\ /7 N\
Cl Cl —N N—
AV
Halide Amidinate Alkyl

FIG. 7. Metal precursor types used in the ALD processes of magnetic thin films.

by combining the stability of metal alkoxides while preserving the high
reactivity of metal amidinates and diketiminates."’"'"” Drawing the
inference, each precursor type has its advantages and disadvantages,
which highlights the importance of having a large variety of precursors
to meet the demands of various ALD processes.

All the metal precursors employed (and their vaporization tem-
peratures) in the ALD processes of different magnetic thin films are
listed in Table I based on the ligand type. The classifications are not
punctual as, for instance, -diketonates would belong to the alkoxides
but due to their well-established role as ALD precursors, using a sepa-
rate precursor class for them is justified. All the typical ALD precursor
types are well represented, including various metal f-diketonates, met-
allocenes, metal halides, and amidinates. Based on the number of refer-
ences of each precursor, it can be deduced that the use of M(thd),
(M = metal) and M(cyclopentadienyl), are the most common. There
are also various heteroleptic derivatives of these well-known precursor
types such as N,N,N',N’-tetramethyl-ethylenediamine [bis(acetylaceto-

nate)] nickel(IT) and ethylcyclopentadienyl cobalt(II). The purpose of

these modifications is to improve the reactivity and to increase the
growth rate or decrease the viable deposition temperature range com-
pared to the standard precursor molecule.'”*'* Some of the metal
amidinates such as M(N,N’-diisopropylacetamidinato), and M(1,4-
di-tert-butyl-1,3-diazabutadienyl), have also been used in several
reports while there are only individual reports of metal carbonyl pre-
cursors. The ALD processes of some of the precursors in Table I are
highlighted in the upcoming Sec. I'V.

IV. ALD PROCESSES OF MAGNETIC THIN FILMS

Like for other ALD applications, the majority of the processes
developed for magnetic thin films are metal oxide processes. The
binary processes so far developed are almost exclusively for different
iron oxides known for their versatile magnetic properties;”””*”" these
are discussed in Sec. IV A. In addition to the iron oxides, especially
metallic cobalt thin films (Sec. IV C) have drawn notable attention
owing to their interesting magnetic properties in combination with
their attractive electrical characteristics. In this section, the ALD pro-
cesses developed for magnetic thin films are systematically
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summarized, starting from binary oxides (Table II), and ternary and
quaternary oxides (Table III), then moving to the metals (Table IV),
and ending up with short segments on 2D chalcogenides (Table V)
and metalorganic thin films (Table VT).

A. Binary oxides

Among the binary oxides, the focus in ALD research (as far as
the magnetic property characterization is included) has been on the
mixed-valence magnetite Fe;O,. These thin films are typically fabri-
cated using a two-step process: deposition of trivalent a-Fe,O3 and
its post-deposition reduction to Fe;O, through annealing under a
reductive atmosphere,”**>!?% 1427 14514775 The most common ALD
precursors in these depositions have been ferrocene and Os;. The
final film composition depends strongly on the reductive annealing
conditions: insufficient reduction may leave behind iron(III) oxides
as impurity phases while excessively strong reduction leads to metal-
lic iron.” Interestingly, magnetite films have also been obtained in
situ using ferrocene by controlling the oxygen source dosing.”"'** In
both approaches, though, one of the main challenges is the phase
purity of Fe;O,, as iron(III) oxide traces tend to remain in the
ﬁlms.l'l,’»,l'1/’1,1"1(),152

The versatility of different ALD processes for the trivalent hema-
tite o-Fe,O; films is notably wider compared to the magnetite case, but
the final magnetic-property characterization of these films is only sel-
domly done (high RT coercivity recently demonstrated).'* Instead,
the a-Fe,O; films are often characterized for their electrical and optical
properties having the eye on other than magnetic applications.'”*"””
The often-used ferrocene precursor has several advantages, such as
commercial availability, thermal stability, and easy handling," but it
unfortunately requires the use of a strong oxidizer (Os) or at least a
high deposition temperature (350-450 °C).

From Table II, it can be seen that besides the ferrocene, there is a
wide variety of iron precursor alternatives for the o-Fe,O5 depositions.
Avila et al.”® deposited amorphous iron oxide thin films well below
200°C from iron bisamidinate [Fe(‘Bu-MeAMD),] and water. As
shown in Fig. 8, a clear saturation of the iron precursor was obtained
over a rather wide deposition temperature range. However, an exces-
sive purging time of 30 s was required to remove all physisorbed Fe
(‘Bu-MeAMD), from the reactor.”® Peeters et al.'"”" demonstrated the
suitability of a water-assisted ALD for amorphous o-Fe,O; films at
105-150°C using iron ketoiminate Fe(ipki), precursor, motivated by
its mixed oxygen and nitrogen bonding to the metal ion, which was
anticipated to provide both high stability of diketonates and high
reactivity of diiminates. On the other hand, Selvaraj et al.”'” intro-
duced a novel iron amide precursor, Fe(btmsa),, for the in situ depo-
sition of o-Fe,05 films with moderate crystallinity at relatively low
temperatures (150-175 °C) using H,O, as the oxidizer. All these pro-
cesses showed self-terminating chemistry, surface saturation, and
linear film growth at low or moderate temperatures and without the
need for Os.

Arguably the most fascinating material among the iron oxides for
the next-generation spintronic devices is &-Fe,O5 due to its extremely
strong RT magnetic coercivity and ferroelectric properties.””
Fabrication of phase-pure ¢-Fe,O; has been highly challenging in bulk
form due to its metastable nature; ¢-Fe,Os is easily transformed to the
more stable o-Fe,O; and y-Fe,O5 polymorphs. Excitingly, the deposi-
tion of in situ crystalline ¢-Fe,O; thin films has been successful
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TABLE II. ALD processes for magnetic binary oxide thin films. The criterion for a material to be included in this list is that the magnetic properties have been investigated for this
material at least in one of the publications. AOO = anodic aluminum oxide, CNC = carbon nanocoil, PZN-PT = Pb(Zn;3sNby/3)O03-PbTiO3, PMN-PT = o 5;Pb(Mg1/3Nby/3)
03-9.33PbTiO3, FTO = fluorine-doped tin oxide, YSZ = yttrium stabilized zirconium oxide, PEN = polyethylene naphthalate.

ALD process parameters

Material Precursors [Subl. Temp. (°C)] Dep. Temp. (°C) GPC (A) Substrate Cryst. Cond. References
Fe;0,  Fe(cp), (80-100) 0, 200-500 0.07-0.3 Si, Si/SiO,, ZnO, 400-450/Ar 38,46,71,128,141-145,147-151
AAO, AAO/ or N,, H,
Si0,, AAO/
ZrO,, CNC/
Al O3, graphene
Fe(cp), O3 300-500 0.32-0.41 Si:SnO, as-dep. 146
Fe(cp), 0, 400 Si, AAO 400/Ar, H, 61,152
Fe(cp), (150) 0, 350-450 3 Si, AAOQ, Si/ as-dep. 61,152-155
SiO,/Pt, Pt/
PZN-PT, PMN-
PT
[Fe(O'Bu)s], (100) H,0 130-170  0.25-026 AAO,AAO/  400/Ar, H, 36,46,128-130
Si0,, AAO/
710,
Fe(2,4-C,H,,), (55) H,0, 65-120 04-0.6  Si, SiO,, FTO as-dep. 187
DMAMFc 0, 325-450  0.14-0.70 Si/SiO, 450 / N,, H, 144
o-Fe,O;  Fe(cp), (80-100) (0N 200-250 0.2-14 Si, Si/SiO,, FTO, as-dep. 156,157
FTO/m-WO,
Fe(cp), (55) 0, 350-600 0.6-14 Si, AAO as-dep. 223
Fe(2,4-MeCp), (55) O3 65-120 0.5-0.9 Si, SiO,, FTO as-dep. 187
Fe(btmsa), (65) H,0, (35) 100-225 0.35 Si as-dep. 219
Fe(thd); (114) O3 138-380 0.11-0.12  glass, a-Al,Os3, as-dep. 105,106
Si, MgO
Fe(‘Bu-MeAMD), H,0 130-200 0.55 Si 500/air 98
TBF (65) O, plasma 150-350 0.2-1.2 Si/Si0, as-dep. 188
FeCl; (175) H,O or H,0/0, 200-500 0.2-1.0  Si, quartz, glass, as-dep. 189,198,224
FTO
Fe(acac); (80) O3 25-230 Si/Si0,/Al, 03, e 121,122
YSZ
Fe('pki), (100) H,0 100-275 0.47 Si/Si0,, FTO 500/air 101
DMAMFc O3 230 0.25 TiO,, F:SnO, as-dep. 191
(DIPPA),Fe (80)  Ar/H,O plasma 23-25 1.5 Si, PEN Amorphous 99
&-Fe, 03 FeCl; (158) H,0 or H,0/0, 260-300 1.0-0.65 Si, Si/SiO,, glass as-dep. 26,27,189
Ni, O Ni(acac), 0 200 Si, Si/Si0,, glass as-dep. 125
Ni(cp), (110) O3 230 0.92 Si/Si0, as-dep. 185
Ni(thd), (115) 03 200 0.2 Si, glass, AAO as-dep. 114
Ni(‘Bu,DAD), (150) 0, 185-200 0.12  Si/SiO,, Si/TiN  as-dep. 212

through a simple ALD process at 260-300 °C using FeCl; and H,O
precursors.”>”” Until now, it is the only known ALD process for this
metastable iron(III) oxide polymorph.

Also the antiferromagnetic NiO should be underlined here as
there are only few ALD studies on AFM materials.””” Most appeal-

B. Ternary and quaternary oxides

Spinel-type ferrites (metal substituted Fe;0,) and BiFeOj; are the
target materials in most of the ALD process developments related to
the magnetic ternary and quaternary oxides. The majority of the pro-
cesses in Table 1] are based on well-established metal precursors (met-
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ingly, Napari et al.'*” recently deposited in situ crystalline nonstoichio-
metric Niy ;O thin films through PE-ALD using Ni(acac), as the metal
precursor and demonstrated the antiferromagnetic nature of the films
with magnetization and exchange bias measurements.

allocenes, f-diketonates), presumably due to the challenge of finding
compatible metal precursors for multicomponent ALD. The magnetic
ternary and quaternary metal oxide thin films have been fabricated
either by direct deposition or via deposition of individual binary layers

Appl. Phys. Rev. 10, 041313 (2023); doi: 10.1063/5.0172732 10, 041313-11
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TABLE lll. ALD processes for magnetic ternary and quaternary metal oxides; the criterion for a material to be included in this list is that the magnetic properties have been inves-

tigated for this material at least in one of the publications. HOPG = highly oriented pyrolytic graphite, CNT =carbon nanotube, R = La, Sm, Tb, Y, Yb, or Lu.

ALD process parameters

Material Precursors [Subl. Temp. (°C)] Dep. Temp. (°C) GPC (A) Substrate Cryst. cond. Reference
CoyFe; Oy Fe(cp), (100), O3 230 Si/Si0, 700/Ar 160
Co(cp), (100)
Fe(cp), (100), O3 250 0.4-0.5  Si, AAO, SrTiO3 as-dep. 40,158,159
Co(cp), (90)
Fe(thd)s (115), O3 185-310 0.12-0.15  Si, glass, MgO, 800/0, 108
Co(thd), (110) a-Al,O5
Fe(thd); (130), .0 200 C00:0.7, Si, SrTiOs 450-750/0, 107
Co(thd), (120) Fe,05:0.5
Co(cp)2 (90), O3 250 SrTiO5/ as-dep. 44
Fe('pki), (130) Sr3AlLOg
CoyZn,Fe, O, Fe(cp), (100), 05 230 Si/SiO, 700/Ar 160
Co(cp), (100), H,O 80
Zn(Et),
NiyFe; Oy Fe(cp), (100), (O 200 0.3 Si 700/Ar 40
Ni(cp), (80)
ZnFe; Oy Fe(cp), (100-148) O, or O, 230-400 Si/Si0,, Si/SizNy 400-800/Ar or air 161,162
Zn(Et), (23) H,0 80-200
(Mn,C0);0, Mn(thd)3 (116) 0, 140-160 02 Si/SiO, as-dep. 112
Co(thd)2 (93)
(Co;.4Niy)30, Co(thd), (90) 05 200 0.2 Si, glass as-dep. 113
Ni(thd), (115)
Y;FesOy, Y(cp)s (150) H,0 220 Y,050.92  Y;ALO,, 700-1000/0, 166
Fe(cp), (80) (O Fe,05:0.16
Gd,Fe,0, Fe('pki), (100-130) O 250 FeO:0.4 Si, Si/SiO, 800/0, 140
Gd(DPDMG); GdO:0.6
(120-135)
Fe(cp), (90) (oR 250 FeO:0.1 Si, Si/SiO, 800/0, 140
Gd(DPDMG), GdO0:0.6
(120-135)
GdFe O3 200 0.19 Si/Si0O, 800/0, 133
(OtBu)s(C5H5N)2
(150-170)
(Fe, Co,Ni) ZnO Fe(cp), (80) O3 180 1.5 Si/Si0, as-dep. 167,168
Co(cp), (80) H,O
Ni(cp), (80)
Zn(et),
Ru:Fe,03 Ru(EtCp), H,0/0, 270-360 Si as-dep. 189
FeCl;
BiFeO, Bi(dmb), (85) H,0 140-150 Si/Si0,/Pt 500-550/N, 41,89,131,132
[Fe(O'Bu)s], (105)
Bi(ph)s (200), 0, 220 Si/SrTiO, 250-500/air 88
Fe(thd); (200)
Bi(ph); (200), 0, 250-290 0.44-0.6  Si/SiO,, Si/SiO/ 450-600/air or O, or N, 163,164
Fe(cp), (180-185) 0.3 Ti/Pt
Bi(mmp); O3 200-250 Si/Si0O,, SrTiOs3, 27-740/vac. or air 135,136,138
(135-145), Fe(cp), Nb:SrTiOs, YSZ,
(90-91) HOPG
Bi(mmp); (140), O3 250 Kapton Amorphous 137,139

Fe(cp), (90)
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followed by post-deposition annealing. The latter procedure is required
especially when the deposition conditions of the different metal pre-
cursors are not compatible. For instance, Zhang et al.'®” fabricated
ZnFe,0, films through the deposition of double-layer Fe;0,/ZnO
structures. The magnetite layer was deposited at 400°C using ferro-
cene and O, while the ZnO layer was deposited at 200 °C using dieth-
ylzinc and H,O. The ZnFe,O, film was then obtained by annealing in
air at 500 °C.

Remarkably, Chong et al.”" deposited in situ crystalline ferrimag-
netic Ni,Fe; ,O, and Co,Fe; ,O, films through supercycles of the cor-
responding metallocenes and ozone. These films had excellent RT
ferrimagnetic properties without any post-deposition treatments, in
contrast to most of the reports on ternary ferrites. The elemental com-
position could also be easily controlled through the ALD cycles as
shown in Fig. 9(a): the atomic Fe:M (M = Co, Ni) ratio in the films
was found to linearly increase with the increased Fe:M pulsing ratio,
thus demonstrating the high controllability of the depositions.

In another report, having the flexible devices such as magnetore-
sistive sensors in mind, engineering-wise elegant CoFe,O, thin films
were fabricated taking advantage of water-soluble sacrificial Sr;AL, O3
interlayers.”" After the growth of polycrystalline CoFe,Oy the

l 40

sacrificial layer was removed using a polymer support or the direct
floating method. Finally, the magnetic layer could be planted on a
desired substrate such as polyethylene terephthalate [PET; Fig. 9(b)]
without compromising the film quality [Fig. 9(c)] or functional prop-
erties; the magnetic properties of CoFe,O, were not affected by the
exfoliation processes and, most important for future flexible magnetic
applications, the magnetic properties were probed under different
bending radii of the flexible substrate.”*

Even though the perovskites are known for their versatile mag-
netic properties,””” only BiFeO; among the ALD-grown perovskite
films has been well investigated (Table III). The great interest in
BiFeO; derives from its RT ME coupling, which is highly uncommon
for single-phase materials but a prerequisite for any application which
utilizes the coupling of ferromagnetic and ferroelectric proper-
ties."'**** The multiferroic properties of BiFeOs are enhanced at the
nanoscale, and, thus, high-quality BiFeO; thin films are of high
importance."”"**’

Zhang et al.*” and Akbashev et al.'” initially demonstrated the
fabrication of BiFeOj; films via deposition of Bi,O3 and Fe,O; binary
layers at 250°C, followed by post-deposition crystallization of the
BiFeO; phase through annealing. On the other hand, Liu et al.'”’

Appl. Phys. Rev. 10, 041313 (2023); doi: 10.1063/5.0172732
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TABLE ll. (Continued.)
ALD process parameters
Material Precursors [Subl. Temp. (°C)] Dep. Temp. (°C) GPC (A) Substrate Cryst. cond. Reference
Bi(thd); (150), .0 190-230 0.65 Si, SrTiOs, Nb: 450-750/0, 110,111
Fe(thd); (130) 0.49 SrTiO;
Bi(thd), (140) H,0 250 0.05 Nb:SrTiO, - 82
Fe(thd)s (120)
Bi(thd), (168) 0, 220-250 0.2 Si/SiOs, SrTiOs, 650/0, 115
Fe(cp), (90) CNT
(CH,);Bi H,0 490-520 0.87 Si/LaNiO; as-dep. 197
CHgFe(CO),
ErFeO; Fe(cp), (60) O3 375 0.021 Si/Si0, as-dep. 120
Er(thd)s (160) 0.004
Fe(thd); (110) 0, 280-300 0.01 Si/Si0, 650-700/N, 109
Er(thd); (150)
Ho,Ti,0, Ho(thd), (125) 0, 300 0.25 Si/Si0, 600~1000/N, 134
Ti(OCH(Me)2)4 0.45
(35)
Co:TiO, Ti(OMe), (130) Co O, H,O 300 0.15-04  Si/SiO,, glass 650/N, 400/N,, H, 127
(acac)z (155)
RMnO; R(thd); (123-162) 03, 0 225-350 0.18-0.9 Si, LaAlOs, 600-1000/N, or O, 116-119
Mn(thd)s (123) SrTiOs, YSZ
La(thd)s (175) O3 200-400 0.1-0.2 Si, glass, Al as-dep. 24 o
Mn(thd); (115) >
La, ,Ca,MnO; La(thd); (185) 0, 180-325 Si, MgO, 850/0, 85 2
Mn(thd); (135) SrTiOs, LaAlOs, 2
Ca(thd), (195) Si0,, ALL,Os N
La; Sr,MnO; La(thd)s O3 283, 450 Si/Si0, Amorphous 39 §
Mn(thd); 2
Sr.,(thd), ?
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TABLE IV. ALD processes for magnetic metallic thin films; the criterion for a material to be included in this list is that the magnetic properties have been investigated for this
material at least in one of the publications. DMP = dimethylaminopropyl.

ALD process parameters

Material Precursors [Subl. Temp. (°C)] Dep. Temp. (°C) GPC (A) Substrate Cryst. Req. Reference
Co Co(cp), (90) (0N 240-330 0.22-0.45  Si/Si0,,AAOQ/  400-430/Ar, 70,128,170
TiO, H,
Co(cp), (90) H,O0, H, 240-330 e AAO/TiO, as-dep. 70
Co(cp), (78) NHj; plasma 250-400 0.21-1.4 Si, Si/SiO,, Si-H as-dep. 31,171-174,177
Co(cp), (78) N,/H, plasma 150-450 0.26-0.65  Si-H, Si/SiO,, as-dep. 175,176
Ru, Ta
Co(MeCp), (56) NHj; plasma 300 0.4-0.6 Si, Si/SiO, Amorphous 186
Co(EtCp), NHj; plasma 125-225 0.12 Si/Si0O, as-dep. 104
Co(iPr—MeAMD)Z H, 340-350 0.12-0.5 Si/SiO,, Si-H, C, as-dep. 171,204,205,207
(65) glass, WN
Co(*Pr-MeAMD), NH; 350 0.26 Si/Si0,, Si-H as-dep. 207
(65)
Co(‘Bu,DAD), HCO,H (23) 160-240 0.95-0.98 Ru, Pd, Pt, Cu as-dep. 208-210
(128-130)
Co(‘Bu,DAD), (CH3);CNH, or 170-200 0.35-0.98 Ru, Cu, Pt, as-dep. 30,32,33,210
(130) (CH5CH,),NH Sb,Tes
or N(CH,CH3);
Co(‘Bu,DAD), H, 200 Si/SiO,/Ru as-dep. 211
(115)
_ Co BH;(NHMe,) 180 0.07 Si/Si0,/Ru 102
(‘PrMeCOCN'Bu), (80)
(130)
CoAMD (80) H, 215-290 0.04-0.05  SiO,/TaN/Cu as-dep. 213,214
CoAMD (80) H,0 180-270 0.3 Si/Si0,, MgO  200-500/D, 215216
or H, or D
or Al
Co(CpAMD) (75) NH; plasma 200-250 0.5 Si, Si/Si0, e 218
CoCl,(TMEDA) H,0 225-300 0.06-0.38 Si/Si0O,, TiN 250/N,, H, 201
(170)
CoCl,(TMEDA)  Zn(DMP), (40) 155-165 0.3 Si/Si0,, Si/Si0,/  Amorphous 202
(140) Au, Si/Si0,/Pt
‘Bu-AllylCo(CO);  H,NN(CHa), 140 0.5 Si-H 196
(35)
Co,(CO)g (25) H, or N, plasma 75-110 1.2 Si e 194
CpCo(CO), (45) (CH3);CNH, 275-325 0.45 Si, Si/Pt, glass, 500/N, 195
(25) sapphire
CpCo(CO), (20) H, or N, plasma 125-175 1.1 Si e 194
TMSCpCo(Co), (CH3);CNH, 275-325 0.30 Si, Si/Pt, glass, 500/N, 195
(40) (25) sapphire
CosSn, CoCl,(tmeda) e 170-200 0.7-1.3 Si, glass as-dep. 10,203
(170-185)
TBTH (30)
Co-Pt (NP) Co(cp), (85) (0N 250 0.46 Si/SiO, 700/N,, H, 178
(MeCp)PtMe; (75) O, 300
CoFe, CoAMD H, 250 0.08-0.12 PMN-PT 217
Fe(‘Bu-MeAMD),
Co,Cy Co(acacy, (155) C;H,OH 300-390 Si/Si0,, AAO as-dep. 232
Co(*Pr-MeAMD), H, plasma 70-160 0.66 Si, glass as-dep. 206

(50)
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ALD process parameters

Material Precursors [Subl. Temp. (°C)] Dep. Temp. (°C) GPC (A) Substrate Cryst. Req. Reference
Ni Ni(cp), (90) 0, 150-330 0.12-0.3  Si/SiO,, AAO,  400-450/Ar 70,128,149,151,179,180
AAO/TiO,, or N, H,
CNC/AL O3,
graphene
Ni(cp), (80) H,0, H, plasma 160-175 0.13-0.33 Si/Al,O3, GaAs/  350/N,, H, 181
Al O3
Ni(cp), (90) H,O0, H, 270-330 AAO/TiO, as-dep. 70
Ni(cp), (50) H,0, .H 165 1.9 Si/SiO,/TiN, as-dep. 182
TaN
Ni(cp), (80) NH; plasma 260-280 0.2 Si/Si0, as-dep. 183
Ni(cp), (73) «NH, 250 0.63 Si-H, Si/SiO, as-dep. 233
Ni(iPr—MeAMD)Z H, 250 0.04 Si/§i0,, C, glass, as-dep. 204
(55) WN
Ni BH,;(NHMe,) 180 0.09 Si/Si0,/Ru 102
(iPrMeCOCNtBu), (80)
(120)
Ni(tBu,DAD), (CH3);CNH, or 160-220 0.6 Pt, Ru, Cu as-dep. 100
(140) (CH,CH,),NH
or N(CH,CH3)3
Ni(acac), CH;O0H or 250-300 0.08 Si/Si0,, AAO as-dep. 123
(180-200) CH;CH,O0H or
CH5CH,
CH,0OH
Ni(acac),tmeda N,H, (40) 240-280 2.1 Si/SiO, as-dep. 103
(95)
Ni(acac),(py), N,H, (40) 225-250 0.79 Si/Si0, as-dep. 103
(130)
Ni(Chex)cp (50) NH; or H, 320-340 0.27-1.1 Si/Si0,, as-dep. 190
graphene
NiFe Ni(cp), (80), 0, 200 0.26 Si/SiO,, AAO  400/Ar, H, 165
Fe(cp), (100)
Ni(cp), (80), H,0, H, plasma 170 0.15-0.20 Si, Si/AlL O3, 380/N,, H, 42
Fe,(0'Bu) (100) Si/GaAs/ALO;
Fe Fe('Bu-MeAMD), H, 250 0.08 Si/§i0,, C, glass, as-dep. 204
(75) WN
Fe BH,;(NHMe,) 225 0.07 Si/SiO,/Ru 102
(‘BuMeCOCN'Bu), (80)
(120)

TABLE V. ALD processes for magnetic 2D thin films; the criterion for a material to be included in this list is that the magnetic properties have been investigated for this material
at least in one of the publications.

ALD process parameters

Material Precursors [Subl. Temp. (°C)] Dep. Temp. (°C) GPC (A) Substrate Cryst. Req. Reference
CoSe Co(acac), (175) H,Se 330-440 2.6 Si/Si0, as-dep. 124
NiSe Ni(acac), (170) H,Se 340-410 5.0 Si/Si0, as-dep. 124

Appl. Phys. Rev. 10, 041313 (2023); doi: 10.1063/5.0172732
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TABLE VI. ALD/MLD processes for magnetic metal-organic materials; the criterion for a material to be included in this list is that the magnetic properties have been investigated
for this material at least in one of the publications. TCNE = tetracyanoethylene.

ALD process parameters

Material Precursors [Subl. Temp. (°C)] Dep. Temp. (°C) GPC (A) Substrate  Cryst. Req. Reference
V(TCNE), V(CO)s (RT) TCNE (RT) RT 9.8 Si, glass 192,193
Co(TCNE), Co,(CO)g (RT) TCNE (RT) RT 8.0 Si e 193
Co Vy(TCNE),  V(CO)s (RT) Co,(CO)s (RT)  TCNE (RT) RT e Si e 193
1.2 4 1.2 5
o _ 104
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FIG. 8. Characteristics of the ALD process for iron oxide thin films from Fe('Bu-MeAMD), and water: effects of (a) purge time, (b) pulse time, and (c) deposition temperature on
the growth rate. The purging and pulsing times were investigated at 150 °C. The deposition process revealed saturation of the Fe precursor already with 0.5 s pulse time and a
wide temperature window with a constant growth rate, but an extensive purging of 30 s was required to avoid overlapping sub-cycles. Adapted with permission from Avila et al.,
ACS Appl. Mater. Interfaces 7, 16138 (2015). Copyright 2015 American Chemical Society.”
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FIG. 9. (a) Dependence of the Fe:M (M = Co, Ni) atomic ratio and growth rate of M,Fe;., O, films on the Fe:M pulsing ratio. Essentially linear dependence of the pulsing ratio
and atomic ratio were achieved while the growth rate remained practically constant for all pulsing ratios for both materials. Reprinted with permission from Chong et al., Chem.
Mater. 22, 6506 (2010). Copyright 2010 American Chemical Society."” (b) and (c) Intact CoFe,04 thin film transferred to (transparent) PET substrate through water immersion
and the surface morphology of the transferred, smooth, and uniform, CoFe,O,4. Reproduced with permission from Salles et al., ACS Appl. Mater. Interfaces 14, 12845 (2022).
Copyright 2022 Authors, licensed under a Creative Commons Attribution (CC BY) License.*
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fabricated in situ epitaxial ultrathin BiFeOs films at 500 °C. Later, the
ALD research related to BiFeOs has solely focused on the two-step fab-
rication process, which allows moderate deposition temperatures as
the crystallization occurs after the deposition. However, the post-
deposition annealing must be well-controlled since it can have a major
impact on the final Fe:Bi ratio due to the different evaporation

tendencies of the two metal species especially at high annealing tem-
peratures.'** Obviously, the final metal ratio can be also controlled by
the initial Fe:Bi ratio defined through the ALD process.”” Thicknesses
of the as-deposited binary layers can also play an important role in the
final structure.*” Deposition of thicker (few nm) BiOj layers may result
in Bi,O; crystallites already during the deposition, whereas very thin

Appl. Phys. Rev. 10, 041313 (2023); doi: 10.1063/5.0172732
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layers (few A) prevent the formation of binary crystallites and improve
the crystallization process of BiFeO; during the post-deposition
annealing through high cation intermixing and shorter diffusion paths
for Fe and Bi.”*'*

An appropriate heterometallic precursor could bypass the need to
combine several different metal precursor sources and ALD cycles.
The single heterometallic precursor enables the fixed stoichiometry,
thus allowing robust process control. For the ternary magnetic
materials, stoichiometric and phase-pure GdFeOs; films have been suc-
cessfully deposited using the bimetallic [GdFe(O'Bu)s(CsHsN),]
single-source precursor with the targeted 1:1 ratio for Gd and Fe.'*”
On the other hand, similar well-behaving bimetallic precursors may
not be available for all the intended metal combinations and ratios.
Another option for a single metal precursor source would be to simply
mix (mechanically or chemically) two or more precursor powders into
the desired composition.””***” The powder mixture approach is simple
and straightforward (compared to the design and synthesis of complex
heterometallic precursors), but it may suffer from issues related to the
different sublimation behaviors (required heating temperatures and/or
sublimation rates) of the two component powders. On the other hand,
the powder mixture enables arbitrary metal ratios whereas for the het-
erometallic precursor the ratio is fixed. Hence, the mixed precursor
powder approach could be highly valuable in depositions in which uni-
form metal doping (especially with a small dopant concentration) is
aimed. Indeed, the inherent issue of doping in ALD is that the dopant
metal cycles are applied only seldomly, thus resulting rather in layers
of dopant along the film thickness than perfectly mixed heterometallic
material.

C. Metals and metal alloys

Ferromagnetic 3D transition metals (Fe, Co, and Ni) and their
metallic compounds are one of the most important magnetic materials
families and are also widely studied in the ALD community, see
Table IV. Of course, by far not all publications on metallic thin films
listed in the table include investigations of magnetic properties as
many of them are focused purely on the ALD process development
and also on other applications in microelectronics.

The precursor chemistry of the metallic films is clearly more ver-
satile compared with the metal oxides in Sec. IVA and IV B.
Pioneering research on ALD precursors (metal acetamidinate) and
deposition of magnetic Co, Fe, and Ni thin films were conducted by
Lim et al.”****° The novel precursors were rather suitable for the tradi-
tionally demanding ALD of metallic films due to their convenient
intra- and intermolecular forces:””’ the metal-nitrogen bonding of
metal acetamidinate is strong enough for adequate thermal stability yet
simultaneously allowing high reactivity, whereas the weak intermolec-
ular interactions caused by hydrocarbons at the outer sphere of the
molecule results in high volatility. As an example, the cobalt thin films
were deposited at 350 °C by using bis(N,N’-diisopropylacetamidinato)
cobalt(IT) precursor and H, as the reducing agent.

Winter and co-workers have done extensive research on 3D transi-
tion metal precursor  development for  metallic  thin
films,*>'0*192205209231 Cobalt - diazadienyl [Co(tBu,DAD),] precursor
(available commercially) has especially shown to be a favorable precursor
for the deposition of high-quality cobalt thin films.”******” In Fig. 10(a),
the ALD process characteristics of cobalt films deposited using Co
(tBu,DAD), and fert-butylamine (reductant) precursors are summarized.

pubs.aip.org/aip/are

The film growth clearly saturates with a 3 s Co(tBu,DAD), pulse, the
growth is highly linear, and an unambiguous ALD temperature window
at a moderate temperature range (170-200 °C) is observed. These close-
to-ideal ALD characteristics are further supported by the relatively high
GPC (~1 A/cycle) and high purity (>98%) of the films.”” In addition,
the depositions were carried out well below the precursor decomposition
temperature, unlike the depositions with the cobalt acetamidi-
nate.””**"”*" Interestingly, the diazadienyl precursors are also highly
selective toward metallic surfaces.”””"*

Similar to metal oxides, the metallic thin films can be either
deposited in situ or fabricated via deposition of the corresponding
metal oxide followed by reductive annealing.” The more common
(Table TV) way is to reduce the chemisorbed metal precursors in situ
by using a reducing agent, which is typically NH; or H, plasma. The
reductive reagent is typically used as the second reactant, ie., the
chemisorbed metal precursors are reduced in every cycle. An alterna-
tive path is to use plasma as a third “precursor,” which is introduced
repeatedly after a few cycles of metal oxide deposition. A clear benefit
of this two-step process is to preserve the conformality of ALD;'*"'**
plasma-enhanced ALD (PE-ALD) has typically poor conformality
compared to thermal ALD due to a short lifetime of the plasma species
(recombination of ions and radicals). However, when the plasma is
used only in between a few layers of metal oxide film growth, a confor-
mal metallic film is obtained while low-temperature reduction is
achieved through plasma.

Reduction with plasma is not the only option for the in situ metal
ALD. Alkylamines are shown to be rather efficient in decomposing
cobalt and nickel precursors at moderate temperatures (<200 °C), and
with reasonable GPC up to 1 A/cycle as in the case of the cobalt diaza-
dienyl and tert-butylamine process [Fig. 10(a)]. Recently, Zanders
et al.”"” introduced a novel alkylation process for cobalt thin films based
on Zn aminoalkyl (Zn(DMP),; DMP = dimethylaminopropyl) as the
reductant for CoCl,(TMEDA) as a goal to achieve milder deposition
conditions compared with the plasma-enhanced ALD processes while
preserving the high conformality of thermal ALD. The alkylation pro-
cess worked considerably well and the process appears promising,
although the films contained a notable amount of carbon impurities
(~20% ).2()2

From experimental and theoretical reaction mechanism studies
on this new procedure of metal film deposition, it was found that
among the alternative reaction pathways shown in Fig. 10(b), elimina-
tion through C-C bond formation (pathway 3) was found to be most
probable.””” Tt was also discovered that the reaction by-product formed
in this pathway is unstable and most likely the reason for the high car-
bon content of the films. These results give excellent insight into the
reaction mechanism of the alkylation process and provides novel,
plasma-free, possibilities for the deposition of magnetic metal thin
films.

In addition to monometallic films, also some magnetic alloys
have been fabricated through ALD. Permalloy (NigoFe,) is a techno-
logically important near-zero magnetostriction soft FM material used
in spin valves, for instance.”” For novel applications, Permalloy thin
films are considered potential for magnonics, especially on 3D struc-
tures.”” In the case of bimetallic ALD, one of the challenges is to find
suitable conditions where different metals can be reduced in a con-
trolled, saturated way. Originally, Espejo et al'® fabricated Ni-Fe
films with near Permalloy stoichiometry through supercycles of nickel

Appl. Phys. Rev. 10, 041313 (2023); doi: 10.1063/5.0172732
© Author(s) 2023

10, 041313-17

9%:70:90 ¥20z Asenuer zz


pubs.aip.org/aip/are

REVIEW

Applied Physics Reviews

pubs.aip.org/aip/are

a) 1.2 16
1000 y = 0.9752x - 0.0948
— 2= 14
T 1 R?=1 1 &
ES 912
Los < 21
° ] Py
)
06 . 08
[:4 S 14 06
£04 = % .
H 804
(5 0.2 (O]
(0] 0.2
0 0
0 1 2 3 4 5 6 0 200 400 600 800 1000 150 170 190 210 230
Pulse Length (s) Number of Cycles Deposition Temperature (°C)
NiCp: H:O
Initial surface reactions l l l
NN — [0) (1) (111
N, N N y
a'c‘;‘m \ N N c'scs“zc' (0] Fex(OtBul H:O H:plasma m m
W &  thermaltreatment »
[/z,@ \c"c{m - ZnCI(OMP) CI\Qc/V\':/ + Zn(OMP), WSS (1) BN Fe I NiFe FOC (L) m— m
N A B = ZnCI(DMP) :
JN: S osonsos oo OO,N,C  mmm ALO,
Pathway 1: B-Hydrogen Elimination annealed on GaAs NWs
— /\/'l‘ Wi A " as deposited on Si annealed on Si annealed on planar Al20s coated with Al20s
WS S oY SO N L ()
Pathway 2: B-Hydrogen & Alkyl
| ~ !
~ - N - N
\(\l";}c,/\/\-;’ Bl 20l "@2/\/\7’ =l RN (')

Pathway 3: Concerted C-C Bond Formation
\TMQQN\'I‘,

NN !
—Y Co Y G + \.I‘/\/\/\,N\ V)

FIG. 10. (a) Effect of Co(tBu,DAD), pulse length on growth rate (GPC; left) of Co metal thin film deposited at 200 °C. Cobalt film thickness vs number of cycles (middle). Effect
of deposition temperature on the growth rate (right). Tert-butylamine was used as the second (reductive) precursor. Clear saturation of Co(tBu,DAD), is observed for 3 s puls-
ing, and highly linear film growth and a distinct temperature window of 170-200 °C is confirmed. Adapted with permission from Kerrigan et al., Chem. Mater. 29, 7458 (2017).
Copyright 2017 American Chemical Society.”” (b) Initial surface reaction mechanism of CoCl,(TMEDA) and Zn(DMP), on a metal surface (I and Il) and three alternative reac-
tion paths (Il-V) for the film growth mechanism. The reaction path V (elimination through C-C bond formation) was found most probable. Reprinted with permission from
Zanders et al., Chem. Mater. 33, 5045 (2021). Copyright 2021 American Chemical Society.”” (c) Schematic representation of the Nisgo.Fe, PEALD supercycle sequence (m
and n define the Ni:Fe ratio and film thickness, respectively) and the effect of substrate on de-wetting caused by annealing process. The de-wetting was more severe on planar
Al, O3 interface compared to plain Si substrate while GaAs nanowires (NWs) coated with Al,O5 interface resulted in random holes along the NW. Atomic force microscopy of
(d) as-deposited Permalloy on silicon, (€) annealed Permalloy on silicon, and (f) annealed Permalloy on planar Si/Al,O3. (g) Scanning electron microscopy of annealed GaAs/
Al,03/Nisg0.<Fex nanowires. For the as-deposited (27 nm thick) and annealed (23 nm thick) Permalloy film on silicon, the root mean square roughness values were reported 1.2
and 2.1 nm, respectively. Reproduced with permission from Giordano et al., Nanoscale 13, 13451 (2021). Copyright 2021 the Royal Society of Chemistry.*”
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and iron oxides using metallocenes and ozone, followed by post-
deposition reduction to Ni-Fe at 400 °C under H, atmosphere. The
Ni:Fe stoichiometry was found to linearly follow the pulsing ratio of
the Ni and Fe metallocenes, but the annealing induced a major de-
wetting effect, resulting in holes in the film structure. Interestingly,
though, the de-wetting can be used as a tool for the modification of
magnetic properties; the holes can induce domain wall pinning of
magnetic domain/crystallites, thus increasing magnetic coercivity. If
continuous Permalloy films are desired, other means of deposition are
necessary.

Promisingly, Giordano et al.*” achieved better film continuity for
in situ amorphous Ni-Fe Permalloy by utilizing nickelocene, iron tert-
butoxide, water, and in-cycle H, plasma after each metal oxide cycle
[Fig. 10(c)]. The films were crystallized through post-deposition
annealing at 380 °C in H, and nearly perfect Permalloy stoichiometry
(Nigg 4Fe96) was achieved with the Ni:Fe pulsing ratio of 6. The de-
wetting effect was minor on silicon [Figs. 10(d) and 10(e)] but exten-
sive on planar AL,O; surface [Fig. 10(f)], whereas the use of GaAs
nanowires with Al,Oj; interfacial layer (to prevent As sublimation dur-
ing annealing) created random holes [Fig. 10(g)]. Nevertheless, the
films exhibited excellent ME properties, see Sec. VI.* Even though

these results are of considerable promise, there is still work left to
obtain nanohole-free, fully continuous Permalloy films. A suitable seed
layer to minimize the de-wetting could be one way to achieve this.

D. Two-dimensional chalcogenides

There is a great drive toward two-dimensional van der Waals
materials as they exhibit interesting material properties that differ
from the corresponding bulk materials.”’**** Magnetic ultra-thin vdW
materials, composed of a monolayer, few atomic layers, or stacked
multilayers, have been studied extensively in the scientific community,
but the efforts to investigate the magnetic properties of these ALD-
grown materials has been nearly negligible (Table V). Hopkins et al.'**
aimed at FM few-layer thick 2D cobalt and nickel selenide (~1:1
atomic ratio) thin films. However, the films were paramagnetic even at
2K, though the cobalt selenide thin films exhibited stronger magneti-
zation due to the unpaired d electrons of cobalt.

It should be, however, emphasized that ALD is definitely a highly
viable deposition technique for 2D materials due to its well-controlled
film growth characteristics and, accordingly, various 2D vdW materials
such as transition metal chalcogenides and selenides have been deposited
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through ALD with the main focus being on their electrical and optical
properties.””” Now the interest should be expanded to the magnetic
properties as well since these materials could provide new horizons for
the next-generation magnetic, multiferroic, and magneto-optical devices.

E. Metal-organics

Magnetic metal-organic thin films can be reached by combining
ALD and MLD cycles in an appropriate ratio, typically 1:1. Kao
et al."”>'” have reported ALD/MLD processes for known FM metal-
organic tetracyanoethylene-based (TCNE) materials, see Table V1.
The depositions were carried out at RT. Upon applying separate pre-
cursor and purging steps, the film growth proceeded stepwise accord-
ing to the pulsing sequence. In the case of V(TCNE), the growth rate
was 9.3 A/cycle with V[TCNE] 63 stoichiometry, in addition to some
oxidized vanadium species. The films exhibited magnetic characteris-
tics comparable to those reported for corresponding films grown
through the chemical vapor deposition (CVD) technique. Most inter-
estingly, the RT ferrimagnetism as well as a magnetoresistive behavior
in a magnetic tunnel junction device could be confirmed for the
films.'”* These pioneering works demonstrate the huge potential of the
ALD/MLD technique for the fabrication of high-quality magnetic
metal-organic thin films relevant to future organic spintronics.”””

V. ENGINEERING OF MAGNETIC THIN FILMS

Nanostructuring and layer-engineering are potentially exciting
tools for smart tailoring of the properties of magnetic thin films, and
ALD—owing to its unique thin-film growth principle—is an ideal
technique to challenge different nanostructuring and layer-engineering
approaches. For instance, the ever-pursued PMA of magnetic thin
films can be achieved through conformally coated vertical nanotubes.
Moreover, by combining ALD with the currently strongly emerging
MLD method, it is possible to deposit magnetic inorganic:organic
superlattice with an unmatched precision.””'”  Similarly, 3D

pubs.aip.org/aip/are

structuring allows versatile pathways for complex device engineering.
In this section, exciting magnetic multilayer materials and 3D nano-
structures engineered through ALD and ALD/MLD are introduced.

A. Nanolaminate and superlattice thin films

Among the ALD-grown magnetic thin films, most extensive
layer-engineering efforts have been made for the FiM high-coercivity
&-Fe,05 films (Table VII). This is rather amazing considering the
metastability of the &-Fe,O5 phase, and its notoriously difficult bulk
synthesis. On the other hand, the ALD-grown &-Fe,O; films rather
allow their intimate combination with both ALD-grown inorganic and
MLD-grown organic layers. The thus fabricated nanolaminate and
superlattice thin films have been considered interesting material candi-
dates for flexible devices and memory applications.”**'*****

The most exciting example is the ¢-Fe,Os:azobenzene films with
optically controlled magnetic properties (see Sec. VI).”” These SL struc-
tures consisting of periodic piling of &-Fe,O; blocks and photoactive
azobenzene monolayers were deposited through ALD/MLD. The peri-
odic superstructure can be clearly observed from x-ray reflectivity
(XRR) patterns, shown in Fig. 11(a), while the excellent ability to pre-
serve the crystalline ¢-Fe,O5 phase upon adding increasing number (n)
of organic monolayers (n) is seen from grazing incidence x-ray diffrac-
tion (GIXRD) patterns, shown in Fig. 11(b).

B. High aspect ratio thin films

A common way to fabricate free-standing magnetic nanotubes is
to apply anodic aluminum oxide (AAO) as the 3D substrate. The
AAO template can be readily removed by chemical etching after the
deposition. Figure 12(a) shows Fe;O4 nanotubes fabricated by Zhang
et al.®" through ferrocene + O, ALD process at 400 °C. In this study,
the AAO template was etched in NaOH solution, and the top iron
oxide layer was removed by ion milling. Typical for high-aspect ratio

TABLE VII. ALD processes for magnetic nanolaminate and superlattice thin films. TPA = terephthalic acid, ADA = azobenzene-4,4'-dicarboxylic acid.

ALD process parameters

Material Precursors [Subl. Temp. (°C)] Dep. Temp. (°C) GPC (A) Substrate Cryst. Req. Reference

&-Fe,O5:TPA FeCl; (158) H,O 280 Si/SiO,, Kapton as-dep. 43,238
TPA (180)

&-Fe,O5:ADA FeCl; (158) H,O 280 Si/Si0,, glass as-dep. 37
ADA (240)

¢-Fe,05-8i0, FeCl, (145-150) 0, 300 Si/Si0,, Si/TiN as-dep. 86

Si,(NHEt), (65-67)

&-Fe,05-BiOCl FeCl; (135) H,O 375 1.8 Si, Si/TiN as-dep. 199
BiCl, (164) 0.03-0.8

ZnO-Ni Zn(Et), H,O 180 Si as-dep. 184
Ni(cp), (80) O;

7r0,-HfO, ZrCl, (160) H,O 300 Si, Si/TiN as-dep. 200
HIfCl, (162)

Fe,05-HfO, 169

ZrO,-MnOy ZrCly (157) O3 300 Si, Si/tiN as-dep. 126

Mn(acac); (183)
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FIG. 11. (a) XRR and (b) GIXRD patterns for &-Fe,O3:ADA superlattice films; the number of individual organic monolayers within the complete SL is indicated with n, while the
numbers in the brackets indicate the thickness of each individual e-Fe,O5 block of the SL. In both graphs, data for pristine &-Fe,Oj thin film (n = 0) are shown as a reference. It
is seen that the number of small fringes in the XRR increases periodically when n is increased (distinguishable for small n values) while the crystal structure of the pristine
&-Fe,0; is clearly preserved for all SL structures, both features indicating successful SL depositions. Reproduced with permission from Philip et al., J. Mater. Chem. C 10, 294

(2022). Copyright 2022 the Royal Society of Chemistry.””

ALD, the highly crystalline and pinhole-free nanotubes were realized
by increasing the precursor exposure time to provide sufficient time
for the gaseous molecules to diffuse throughout the 3D structure and
reach the deepest cavities. The tube length and diameter were around
30 um and 100 nm, respectively, while the thickness of the Fe;O, coat-
ing was ca. 20 nm.”" Interestingly, the as-deposited superparamagnetic
Fe;0,4 nanotubes (small particle size) were achieved using a short O,
pulse length (i.e., low dose) while a-Fe,O5 resulted from a higher O,
dose under the same deposition conditions. These biocompatible
superparamagnetic nanotubes could be useful in various biomedical
applications, including drug delivery, for which the conformality is
crucial as nanotubes are preferred due to their high loading capacity.”'

Nielsch and collaborators have conducted extensive research on
ALD-grown magnetite nanotubes,’***” 2% 204U Bor ingtance,
Fe;0, nanotubes were fabricated using AAO templates with an alter-
nating tube diameter [Figs. 12(b) and 12(d)]."*” The ferrocene + ozone
process yielded Fe,Oj; films at 200 °C, which could be reduced to the
mixed-valent Fe;O, by post-deposition annealing at 400 °C. An ALD-
grown SiO; layer was utilized to protect the nanotubes from the chem-
ical etching of AAO and the back-oxidation of Fe;0,. The nanotubes
had excellent film quality and thickness uniformity even with the vary-
ing tube diameter.

Utilization of ALD for the well-controlled fabrication of core/shell
magnetic nanostructures has also been demonstrated [Fig. 12(c)].74*
An ALD SiO; layer was first applied on AAO for a diffusion barrier
and electrical insulator. After the AAO template was removed through
chemical etching, the magnetic iron oxide nanotubes (shells) were
deposited via the ferrocene + Oz ALD process at 200 °C. Finally, the
nickel cores were prepared by electroplating using a sputtered gold sur-
face as the electrode. The resulting Ni/SiO,/Fe;0,4/SiO, nanostruc-
tures, composed of two materials with different chemical and physical
characteristics, presented complex magnetic properties relevant for
next-generation spintronic and multiferroic devices (see Sec. VI).
These types of multiphase nanostructures are challenging to fabricate
in high-quality form, but here ALD serves as the key solution for inte-
grating the two different materials in a feasible and scalable manner.”"

Nanotubes are not restricted to oxides but extend also to metallic
materials. As shown in Figs. 12(f) and 12(g), high-quality metallic
TiO,/Ni/TiO, and TiO,/Co/TiO, nanotubes were fabricated by Daub
et al”’ The ALD fabrication consisted of the growth of metal (Ni or
Co) oxide films from the metallocenes and Os, TiO, interlayers to pro-
tect the nanotubes, then followed by post-deposition annealing to
reduce the Ni/Co oxide layers to metallic state. The tube length was
2-50 um, and the study revealed that the magnetic properties
depended on both the pore diameter (35-160 nm) and film thickness
(3-12 nm). Alternatively, similar nanotubes have also been fabricated
in an in situ process using H, as a reductant.”’

These examples highlight the suitability of ALD for coating high-
aspect ratio surfaces without compromising the film quality and uni-
formity while providing versatile magnetic properties, discussed in
more detail in Sec. V1.

VI. HIGHLIGHTS OF APPLICATION-RELEVANT
MAGNETIC CHARACTERISTICS

Most of the ALD-grown magnetic thin films are either ferro- or
ferrimagnets. For these materials, the coercive field is one of the impor-
tant characteristics regarding their potential application fields. In this
section, we highlight some of the application-wise most promising
ALD-grown magnetic thin films; in Table VIII, the basic magnetic
properties of these thin films are summarized (type of magnetism and
RT coercivity), together with a comment regarding the possible need
for additional post-deposition annealing to obtain the correct compo-
sition, crystal phase, or microstructure. The most relevant practical
applications require that the magnetic material would be operational
at room temperature. Hence, materials, such as low-temperature AFM
RMO; perovskites™' "' and paramagnetic chalcogenides, " are not
included in the table.

Ferrimagnetic magnetite Fe;04 with its half-metallic nature is
considered a promising candidate for spintronic applications such as
magnetic tunnel junctions (MT]) and magnetoresistive sensors.” 70
Zhang et al.'> implemented a thorough investigation of magnetic and
ME properties of Fe;O4/Pt/PZN-PT heterostructures. Figure 13(a)
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FIG. 12. (a) SEM images of magnetite nanotubes embedded in AAO matrix (left) and free-standing magnetite nanotubes (middle and right). The AAO template was removed
by NaOH etching and the Fe;0, “roof” was removed via ion milling to separate the nanotubes from each other. The tube length and diameter were in the scale of 30 um and
100 nm, respectively, and the Fe;0, layer thickness was ~20 nm. Reproduced with permission from Zhang et al., Sci. Rep. 6, 18401 (2016). Copyright 2016 Authors, licensed
under a Creative Commons Attribution (CC BY) License.®" (b) SEM image of diameter modulated ALD-grown SiO,/Fe;0,/SiO, nanotubes embedded in AAQ matrix; one of the
nanotubes is highlighted with a green color. Separate TEM images of (c) the wide part and (d) the segment where the diameter is changed of a single diameter modulated SiO,/
Fe304/SiO, nanotube. The wall thickness of the SiO, and Fe;0, are 6 and 10 nm, respectively. Reprinted with permission from Pizschel et al., ACS Nano 3, 3463 (2009). Copyright
2009 American Chemical Society.147 (e) Fabrication steps for Ni/Fe;0,4 core/shell nanostructures with insulating SiO, interlayers. The SiO, diffusion barrier and Fe,O5 magnetic shell
were grown conformally via ALD while the Ni core was prepared by electroplating. The Al substrate was dissolved in acidic Cu** solution whereas the sputtered Au electrode used
for electroplating was removed through Kl etching. The FesO, composition was achieved via reduction of Fe,O3 in Hy-containing atmosphere (400 °C). Reprinted with permission
from Chong et al., Adv. Mater. 22, 2435 (2010). Copyright 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.”" (f) and (g) TiO/Ni/TiO, nanotubes removed from AAO tem-
plate and the same nanotubes embedded in AAO before the template removal through NaOH chemical etching. Pore diameter is 160 nm, tube length 10 um, and Ni film thickness

11-12nm. Reprinted with permission from Daub et al., J. Appl. Phys. 101, 09J111 (2007). Copyright 2007 AIP Publishing LLC."

(left) shows a typical M-H curve obtained for the magnetite films,'*”
revealing a clear magnetic anisotropy induced by both magnetocrystal-
line and shape anisotropy. The in-plane coercivity is slightly higher
and the saturation magnetization is reached with a significantly lower
external field parallel to the easy axis (in-plane).”*'*” This anisotropy
is also seen from the clear angular dependence of applied magnetic
field on ferromagnetic resonance (FMR) field (H,): H, minima
(2160 Oe) and H, maxima (4350 Oe) are observed for in-plane and
out-of-plane directions, respectively, confirming the in-plane magnetic
easy axis [Fig. 13(a)]. Moreover, the ME coupling of Fe;O,/Pt/PZN-
PT was demonstrated by measuring the effect of the external electric
field on H, for both in-plane and out-of-plane magnetic fields."”” The
largest magnetoelectric coupling coefficient discovered was 31.8 Oe
cm/kV.

The suitability of a similar magnetite-based heterostructure
(Fe;04/PMN-PT) for nonvolatile data storage has been too demos-
trated.””* Figure 13(b) (left) shows the so-called “butterfly” curve
resulting from the change of H, as a function of the applied electric
field, while Fig. 13(b) (right) fascinatingly shows the dynamic magneti-
zation switching of the heterostructure: H; is reversibly switched by
alternating positive and negative electric field. The switching effect was

assigned to complex ferroelectric/ferroelastic interaction of the PMN-
PT layer. This nonvolatile switching phenomenon could well be imple-
mented in memory applications.'”*

Doping is an effective way to engineer the magnetic properties
of Fe;0, films. Magnetic hysteresis of in situ deposited hard mag-
netic spinel (Fe,Co);0, thin films with different metal ratios are
shown in Fig. 13(c)."’ Through precise control of the cobalt content,
both the coercivity and magnetization can be tuned. This underlines
the importance of the development of highly controlled ternary
metal oxide ALD processes (cf. Sec. IV B). Being able to on-demand
tailor the magnetic properties is crucial since each application has
specific requirements for the functional material. For instance, the
coercivity of a magnetic recording material should be high enough
for reliable information storage but low enough so that the informa-
tion (i.e., state of the magnetic units) can be changed at will with the
writing head.

Magnetite nanotubes are the most investigated ALD-grown 3D
magnetic systems. Zierold et al."*' demonstrated the appealing func-
tional properties of multilayered SiO,/Fe;0,/SiO, nanotube ferro-
fluids. Typical RT FiM behavior of Fe;O, was observed for dry
nanotubes lying on a substrate with fixed orientation but for a liquid
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TABLE VIIl. Room-temperature magnetic characteristics of the thin films.
Magnetic properties at RT
Material Post-dep. processing needed Type Coercivity (Oe) Reference
Fe;O, Yes Ferromagnetic 135-900 36,38,46,61,71,128-130,141-144,147,151,152
No Ferromagnetic 59-425 146,153-155
No Superparamagetic 61,152
o-Fe, O3 No Paramagnetic e 99
No Ferromagnetic 2800 189
&-Fe, 05 No Ferromagnetic 1600-9700 26,189
Ni,O No Antiferromagnetic e 125
CoyFe; Oy Yes Ferromagnetic 1400-1600 107,108
No Ferromagnetic 200-1500 40,44,159
No Superparamagetic 158
Ni Fe; Oy Yes Ferromagnetic 470 40
No Ferromagnetic 350 40
Zn,Fe; O, Yes Ferromagnetic 50 162
(Mn,Co0)304 Yes Ferromagnetic 112
(Co,_4Niy)304 No Ferromagnetic 500 113
BiFeOs3 Yes Ferromagnetic 5-490 41,89,110,131,138
No Ferromagnetic R 137
Co Yes Ferromagnetic 20-580 70,128,170,215,216
No Ferromagnetic 50-230 30,31,33,70,174,176,204 o
Co3Sn, No Ferromagnetic 485-510 10 N
Co-Pt (NP) Yes Ferromagnetic 1520 178 %
CoFe, No Ferromagnetic e 217 2
Ni Yes Ferromagnetic 100-250 70,128,180,181 §
Yes Superparamagetic e 179 §
No Ferromagnetic ~30-400 70,123,204 g
NiFe Yes Ferromagnetic 36-473 42,165
Fe No Ferromagnetic 743 204
V(TCNE), No Ferromagnetic 80 192
Co,V,(TCNE), No Ferromagnetic 50 193
&-Fe;05-TPA No Ferromagnetic 260-2100 43
e-Fe,05-ADA No Ferromagnetic 1000-2600 37
&-Fe,03-Si0, No Ferromagnetic e 86
&-Fe,053-BiOCl No Ferromagnetic ~5000-9750 199
Ru:Fe, O3 No Superparamagetic 189
No Paramagnetic 189
ZnO-Ni No Ferromagnetic 200 184
ZrO,-HfO, No Ferromagnetic 50 200
ZrO,-MnOy No Ferromagnetic <500 126
Y;Fes04, Yes Ferromagnetic 15 166
YMnO; Yes Ferromagnetic 100 119
Ho,Ti,0, Yes Ferromagnetic 100 134
Co:TiO, Yes Ferromagnetic 15-40 127
Co,C No Ferromagnetic 18-500 206,232

suspension of the nanotubes [Fig. 13(d)], the macro-FiM properties
were vanished (i.e, zero remanent magnetization). The individual
nanotubes of the colloid were still FiM, but they could rotate freely in
the suspension and, thus, appear as superparamagnetic. The colloidal

solution could be implemented for example in drug delivery, and, thus,
it could possibly eliminate the need of superparamagnetism in such
applications. Even more impressively, a clear magnetoviscosity (change
of viscosity under applied magnetic field) could be observed even with
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FIG. 13. (a) In-plane and out-of-plane M-H curve of Fe30, thin film (left). Clear in-plane anisotropy is observed as the in-plane H, exceeds out-of-plane H, and in-plane satura-
tion is reached with lower magnetic field. FMR absorption spectra of the film with different angles of external magnetic field (0° = in-plane, 90° = out-of-plane; middle); H; is
defined as the intercept of magnetic field axis. The H, minimum and maximum at 0° and 90°, respectively, confirm the in-plane anisotropic nature of the Fe30, film. The H; val-
ues are also plotted for the different angles of external magnetic field in the right figure. Reprinted with permission from Zhang et al., ECS J. Solid State Sci. Technol. 10,
114004 (2021). Copyright 2021 The Electrochemical Society. > (b) The so-called butterfly curve for H, formed through alternating external electric field of 12 kV/cm is shown
for Fe304/PMN-PT heterostructure (left). By utilizing this coupling effect, dynamic magnetization switching using applied electric field is shown in the right figure where the red
bars indicate the magnitude of applied field and the blue curve depicts the changing H.. Reprinted with permission from Zhang et al., Appl. Phys. Lett. 110, 082902 (2017).
Copyright 2017 AIP Publishing LLC."** (c) RT M-H curves of (Fe,C0)30, thin films with different Fe:Co ratios. Both magnetic saturation and coercivity increase when the iron
content is increased. Strongest ferromagnetism is observed for the stoichiometric CoFe,O4. Adapted with permission from Chong et al., Chem. Mater. 22, 6506 (2010).
Copyright 2010 American Chemical Society.”’ (d) Well-dispersed SiO,/Fe30,/SiO, nanotubes in a liquid and the nanotubes attracted by an external permanent magnet (top).
M-H curve of dried and nanotubes in the liquid suspension (bottom): the dried nanotubes exhibit FiM characteristics due to fixed orientated on the substrate but appear as
superparamagnetic (H= 0, M similar to dried nanotubes) in a colloidal solution due to free ability for rotation. Reprinted with permission from Zierold et al., Adv. Funct. Mater.
21, 226 (2011). Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. "'

very low volume fraction (0.02vol. %) of the Fe;O, in the suspension
which is highly attractive for ferrofluidic applications." "'

Combining ALD with other fabrication tools allows the prepara-
tion of creative material systems with advanced functional properties.
The multilayered Ni/SiO,/Fe;0,/SiO, nanotubes prepared by ALD
and electrodeposition (Sec. V B) is a vivid example; the Ni cores and
Fe;0,4 nanotubes show independent magnetization reversal while only
weak interactions between the two magnetic components were
detected. Having two independent magnetization reversal modes man-
ifests the possibility of having two bits in one multilayer cylinder. This
displays the possibility for increased data storage density since each on
the cylinders can have four different binary configurations (00, 01, 10,
11).”" Understanding the different magnetization modes in the com-
plex 3D nanosystems is truly important, and, thus, the complex geo-
metrical effects on the magnetic properties of Fe;O, nanotubes have
been thoroughly investigated, which will establish a pathway for com-
mercial applications and a better fundamental understanding of the
complex magnetic behavior of 3D nanostructures,”®*®"*%!*72%

Another relatively well-investigated system among the ALD-
fabricated magnetic thin films is the multiferroic BiFeOs (Table III). In
bulk form, BiFeO; is AFM, but BiFeO; thin films have shown FM

characteristics originating from their nanocrystalline structure.*""”’

The multiferroic BiFeOj; films have been considered promising ena-
blers of various next-generation spintronics applications. For the
ALD-grown BiFeO; films, it has been shown that the multiferroic
properties can be tailored by the Bi- and Fe-precursor pulsing
sequence; Puttaswamy et al.”” achieved the optimal combination of
ferromagnetic and ferroelectric properties for the nonuniform stack-
ings of 1-2nm thick Bi-rich and Fe-rich BiFeOs layers [Fig. 14(a)].
The precise control over the compositions of the ultrathin layers was
defined simply by the sequence of the different ALD cycles.

Patel et al.'"" recently demonstrated a promising strain-mediated
ME coupling effect for conformal ALD-grown BiFeO; coating on a
porous sol-gel synthesized magnetostrictive CoFe,O, template.
Magnetization measurements under electric field for samples with dif-
ferent BiFeO; coating thicknesses ranging from 3 to 12nm revealed
that the most intensive ME effect occurred for the thinner BiFeO;
layers with the larger residual porosity of the nanocomposites
[Fig. 14(b)]. Apparently, for planar and epitaxial strain-mediated ME
structures, the ME effect is damped by clamping at the interface of the
two materials, meaning there is no room for the composite to strain,
whereas the porous structuring used here allows more flexible platform
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FIG. 14. (a) Uniform (left) and non-uniform (right) stacking of bismuth oxide and iron oxide layers. The non-uniform heterostructure exhibited strongest ferromagnetic and ferro-
electric interactions due to the combination of Bi and Fe rich BiFeOj3 layers. Reprinted with permission from Puttaswamy et al., Thin Solid Films 611, 78 (2016). Copyright 2016
Elsevier.® (b) M-H hysteresis of porous CoFe,04/BiFeO; nanocomposites with different BiFeOj layer thicknesses. The (out-of-plane) applied electric field induces a strain-
mediated ME effect which is seen as notable decrease in magnetization. The strongest ME effect is observed for the thinnest (3 nm) BiFeO; layers. Reprinted with permission
from Patel et al., ACS Appl. Nano Mater. 6, 4141 (2023). Copyright 2023 American Chemical Society.'"’

(higher strain) and, thus, higher strain-mediated ME coupling.
Moreover, no ME effect was observed without the ALD-grown BiFeO,
coating. This work opens up pathways for example for miniaturized
antenna devices.''" Also, the 3D CoFe,0./BiFeO; structures could be
all-ALD since CoFe,O, could be feasibly fabricated through ALD.

As discussed in Sec. I'V A, the fabrication of phase-pure stoichio-
metric magnetite films is challenging as traces of iron(IIl) oxide(s)
often remain in the films. On the contrary, stoichiometric ferric oxides
such as ¢-Fe,O; are easier to achieve. Phase-pure ¢-Fe,O3 nanopar-
ticles were synthesized for the first time by Jin et al”® in 2004, but the
first &-Fe,O; thin films were deposited through pulsed laser deposition
(PLD) by Gich et al.”*' only in 2010, and through CVD in 2014 by
Carraro et al.”* In consequence, &-Fe,Oj thin films have been investi-
gated only little up to this date, even though they are highly promising
for next-generation spintronic devices due to the unique multifunc-
tional properties”” of &-Fe,O; including extremely high RT magnetic
coercivity and high Curie tempera'[ure,28 ferroelectric behavior,”"” ME
coupling,”’ and ferromagnetic resonance (FMR) at high
frequencies.”* """

The phase purity and magnetic properties of the ALD-grown
&-Fe,0; thin films have also been demonstrated.”*””"*”'*” In particu-
lar, >’Fe Mossbauer spectroscopy was successfully utilized to confirm
the excellent phase purity of the films.”” These measurements, typically
requiring relatively large sample amounts, could be realized by deposit-
ing the films on “gamma-ray transparent” polyimide (Kapton) sub-
strate and piling several of such &-Fe,O;/Kapton films on top of each
other to get sufficient signal for the analysis. Figure 15(a) shows the
Mossbauer spectrum measured for ALD-grown ¢-Fe,O5 at 305 K. The
magnetic ordering (sextet) and all four distinct iron signals are
extracted. The paramagnetic component (brown) became visible
around 433 K, but the sextet was vanished only at 480K verifying the
relatively high Curie temperature of ALD ¢-Fe,0s, and thus, its suit-
ability for RT applications.”” The films were of high phase purity as the
concentration of the only impurity phase, hematite (gray), was only

around 2%. The Mossbauer method represent a new highly efficient
way of characterizing the magnetic properties of any iron-based ALD
thin films as it can give extremely precise information on the fine mag-
netic interactions and ordering of the Fe-based materials. This has
value especially regarding magnetic thin films since, as seen in this
review, iron oxides cover the majority of the ALD magnetic thin films.

Having the eye on the possible applications benefitting from
mechanical flexibility, inherently flexible organic moieties have been
incorporated into the &-Fe,O5 films (Table VI).””**** Importantly,
these organic layers do not compromise the unique magnetic proper-
ties of the ¢-Fe,O5 phase. For instance, for the &-Fe,05:ADA SL films,
RT coercivity values of 1-2kOe were obtained.” It is interesting to
compare these coercivity values with those so far achieved for flexible
organometallic thin films (~100 Oe) fabricated using various techni-
ques; here these latter thin films exhibit at their best an order of magni-
tude lower coercivities due to their significantly weaker long-range
magnetic interactions.'*”'”****?*” Indeed, the incorporation of flexible
organics into the &-Fe,O3 matrix through ALD/MLD allows the com-
bination of the inherent properties of both the inorganic and organic
components, yielding magnetically hard but mechanically flexible thin
films increasingly desired in various applications in flexible electronics
such as wearable devices, optoelectronics, biosensors, and flexible data
Storage.37,43,87,92

In addition to the mechanical flexibility, the incorporated organic
layers may bring other functionalities into the magnetic inorganic thin
film. An exciting example is the ¢-Fe,O3:ADA SL system in which the
magnetic properties can be reversibly controlled optically through the
trans—cis photoisomerization reactions of the ADA molecule under
UV/visible light irradiation.”” Figure 15(b) shows the UV absorption
spectrum of ¢-Fe,O3:ADA thin films before and after the UV/visible
light irradiation. The characteristic 7 — n" electronic transition of
trans-ADA is decreased upon UV irradiation and increased close to
the original intensity after visible light irradiation, thus demonstrating
the reversibility of the isomerization process. Figure 15(c) (inset) then
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FIG. 15. (a) *"Fe Mdssbauer spectra of &-Fe,05 thin film at 305K. Each color (blue, red, yellow, and green) indicates certain crystallographic site of the e-crystal phase.
Paramagnetic component is the brown line and gray is hematite. Clear magnetic ordering can be realized for the &-Fe,O3 phase based on the magnetic sextet while the hema-
tite component (impurity phase) is shown to be negligible (~2%). Adapted with permission from Jussila et al., Adv. Eng. Mater. 25, 2201262 (2023). Copyright 2023 Authors,
licensed under a Creative Commons Attribution (CC BY) License.”” (b) Absorption spectra of as-deposited, UV-irradiated, and visible light irradiated ¢-Fe,03:ADA superlattice
thin film. The ADA layers undergo reversible trans-to-cis photoisomerization under UV/visible light irradiation: the trans-to-cis is seen as an absorption intensity drop at
~320 nm (characteristic for the trans isomer) after UV-light irradiation. Accordingly, the intensity is increased back nearly to the original state through visible light irradiation
demonstrating successful cis-to-trans back switching. (c) M-H curves of the corresponding conditions. Inset shows the change in coercivity at 300 K; the magnetic properties
(coercivity) are reversibly changed due to the trans-to-cis photoisomerization of ADA. Reproduced with permission from Philip et al., J. Mater. Chem. C 10, 294 (2022).

Copyright 2022 the Royal Society of Chemistry.*’

shows the effect of the reversible isomerization on the magnetic prop-
erties of the SL film. The magnetic coercivity is reversibly varied by
10%-20% depending on the film composition. These optically con-
trolled ferromagnetic properties could be utilized, for example, in opti-
cal data storage devices.”’

Metallic thin films have several traditional assignments in micro-
electronics such as interconnects and adhesion layers, but they also
exhibit applicable magnetic properties (Table VII). For instance, Ni-Fe
thin films are used commercially in spin valves,” while pure cobalt thin
films possess great potential in spintronics due to their combined mag-
netic and electric properties.”’ Most fascinatingly, ALD-grown 3D
metallic nanostructures have become an exceedingly interesting topic
as a result of their versatile magnetic properties.” '~ 2% 121 10%:175182204
For instance, magnetization and coercive field of free-standing nickel
and cobalt nanotubes can be adjusted based on the pore size of the
nanotubes [Fig. 16(a)].”" This shows how the magnetic behavior of
complex device architectures could be engineered for different applica-
tions simply by changing the diameters of the 3D structure but without
the need for different materials.

Some advanced ME studies have been done also for metallic thin
films; comprehensive magnetoresistive studies were conducted for FM
Ni-Fe thin films by Giordano et al”? (Sec. IV C). Figure 16(b) shows

electric resistivity, anisotropic magnetoresistance (AMR), and relative
magnetoresistance (AMR-%) properties of the films for different Ni:Fe
precursor pulsing ratios (m = 6 corresponds to nearly ideal Permalloy
composition). Each figure also includes the corresponding properties
for commercial evaporated NigoFe,, thin films. Especially the ALD-
grown m = 6 Nig;Fejo films are promising, with their resistivity value
of 28 Q) cm, the technologically important AMR effect confirmed,
and the AMR-% of 5.6 which matches well with the commercial coun-
terpart. Gilbert damping (damping of spin waves, i.e., collective spin
excitations) of the Permalloy ALD films (m = 6) was also appreciably
low (0.013) though it was slightly higher compared to the evaporated
NigoFey film (0.09). This was assigned to the small dewetting effects
described also in Sec. IV C. Low Gilbert damping is a necessity for
magnonic applications where collective spin waves are of high impor-
tance.”” Moreover, the complex FMR characteristics of ALD-grown
Permalloy nanotubes were studied by Brillouin-Light-Scattering
microscopy (#BLS) to gain insight into the spin wave modes of the 3D
coatings. This will ultimately contribute to the design of novel nano-
structured magnonic devices."’

Quinard et al”'" recently demonstrated the use of ALD-grown
FM cobalt thin films in a complete spin valve junction [Figs. 16(c) and
16(e)]. AL,O3/Co spin analyzer was used on top of the Co film to probe
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FIG. 16. (a) M-H curve of nickel nanotubes for different pore diameters: the higher the diameter, the higher the saturation and remanent magnetization, and coercivity.
Reprinted with permission from Daub et al., J. Appl. Phys. 101, 09J111 (2007). Copyright 2007 AIP Publishing LLC.” (b) Resistivity (top), RT magnetoresistance as function of
in-plane (80 mT) rotation angle (middle), and relative AMR of Nijgo.<Fey thin films for different Ni:Fe pulsing ratios (m; bottom). Each graph also shows the corresponding prop-
erties for commercial evaporated NiggFe,q thin films (dashed line in top and bottom figures). The drastic change in resistivity between as-deposited and annealed samples is
explained by the amorphous and crystalline state of the respective samples. Importantly, it is seen that pulse ratio of m =6 (nearly ideal Permalloy stoichiometry) results in
comparable electric resistivity and relative AMR with respect to the commercial reference. Reproduced with permission from Giordano et al., Nanoscale 13, 13451 (2021).
Copyright 2021 the Royal Society of Chemistry.** (c) Spin valve configuration with ALD-grown Co spin source. The black line is 1 nm Al,Os tunnel barrier. (d) IV curve and (e)
tunnel magneto-resistance spin signal measurement of the junction. The IV curve is nonlinear, which is typical for a tunnel device. Most importantly, the resistance clearly
depends on the applied magnetic field due to spin polarized current created by the Co-spin source. Reproduced with permission from Quinard et al., Appl. Phys. Lett. 120,
213503 (2022). Copyright 2022 Authors, licensed under a Creative Commons Attribution (CC BY) License.”"’

the spin current properties. The tunneling effect [IV-curve; Fig. 16(d)]
was reported as non-linear, typical for a tunnel device, confirming the
high quality of the Co-layer structure.”'’ Most interestingly, the resis-
tance of the spin valve could be controlled by an applying external field
[Fig. 16(c)], showing that the applied field induced spin-polarized cur-
rent of Co. This is a clear demonstration of the combination of the
good metallic and ferromagnetic properties of the Co film and its fit
for next-generation spintronic devices.

The examples highlighted in this section show the truly versatile
applicability of ALD-grown magnetic thin films for various purpose
ranging from basic high-quality planar magnetic coatings and 3D
architectures with complex magnetic behavior to unique multiferroic
and magnetoelectric coatings with excellent potential in future
spintronics.

VII. OUTLOOK COMMENTS AND ROADMAP FORWARD

Feasible ALD processes have already been developed for the
growth of high-quality thin films of nearly 40 different magnetic mate-
rials. Nevertheless, a clear majority of the published studies have so far
focused on simple iron oxides. There are many potential multi-metal
materials with attractive magnetic characteristics worth to be chal-
lenged in future, but the main difficulty in their ALD fabrication is the
accurate process control; in other words, the difficulty in achieving the
targeted stoichiometry over the targeted metal ratio and deposition
temperature ranges. This challenge often translates to the difficulty in
finding either mutually compatible single-metal precursors or develop-
ing new heterometallic precursors. The latter approach is still rather
rare, but when successfully employed, could yield superior results, as
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in the case of the GdFeO; films. The third solution would be to simply
mix two or more metal precursor powders into a single source, but the
likelihood that the different sublimation rates of the different precursor
components in the mixture would result in deviations in the metal
stoichiometry of the final thin film is considerable, especially in indus-
trial scale production. Another important question concerns the crys-
tallinity of the as-deposited films; this is often an issue especially for
ternary and quaternary metal oxide films, which are typically obtained
as amorphous thin films, hence requiring an additional post-
deposition annealing step. In general, the post-deposition annealing
typically results in harder magnetism compared to the characteristics
seen for as-deposited thin films of the same material, which is caused
by increased crystallinity and, thus, stronger long-range magnetic
interactions.

Most of the ALD process development efforts made so far have
focused on ferro- or ferrimagnetic materials, excluding the low-
temperature antiferromagnetic perovskites and paramagnetic selenides
and the few reports on superparamagnetism induced for metal oxide
and metallic films by the low crystallinity/small grain size. However,
magnetic materials beyond the FM and FiM ones should not be forgot-
ten. Especially AFM materials are of high technological importance,
and they can exhibit several advantages over FM and FiM materials
including ultrahigh (tera-hertz) resonance frequencies and the absence
of magnetic stray fields.”****” Many AFM materials are metal oxides
which is shouting for the ALD technique; the antiferromagnetic nature
of ALD-grown NiO is already demonstrated and further studies
should be continued. Another intriguing example is AFM Co0O,”""**"
mostly studied for its p-type conductivity; in further studies, the focus
should be extended to its magnetic properties and potential use in
AFM spintronic devices.””

It is also important to note that no efforts have been made so far
to develop ALD processes for the Nd—Fe-B, Sm-Co, and Alnico alloys
that are widely used in bulk form as state-of-the-art permanent mag-
nets. This is likely due to the challenging ALD chemistries of these
intermetallic compounds. In general, ALD of intermetallics is yet in its
infancy, but recently gaining more attention.”'**** Another material
category of future interest but poorly represented yet is definitely the
strongly emerging vdW 2D materials with intriguing magnetic and
magnetoelectric properties.””* These materials are often difficult to
fabricate in large quantities through conventional synthesis, but the
layer-by-layer growth characteristics of ALD could provide a natural
solution for this challenge, as already demonstrated with several prom-
ising ALD fabrication efforts recently reported for 2D sulfide and sele-
nide thin films.”**> However, most of the research has so far focused
on molybdenum and tungsten sulfides and selenides, and excluding
the report on cobalt and nickel selenides, ”* very little attention has
been paid on the magnetic properties of these ALD-grown thin films.
In Table IX, we have collected some of the ALD processes developed
for transition metal chalcogenides and carbides with potentially inter-
esting magnetoelectric properties, and worth to be investigated from
the magnetic-property point of view in future studies.

A recently discovered material class of non-van der Waals 2D
materials presents another extremely interesting possibility for ALD.
These materials show novel features compared to the traditional vdW
2D materials; the non-vdW 2D layers have non-saturated dangling
bonds on the surface unlike their vdW counterparts, which certainly
should affect the functional properties (chemical, electric, optical,

REVIEW pubs.aip.org/aip/are

TABLE IX. ALD processes of 2D vdW materials with known magnetic characteristics
but not considered for their magnetic properties in the ALD studies.

Material ALD precursors Reference
CoS, Co('Pr-MeAMD), H,S 253
Co(*Pr-MeAMD), H,S 254
Co(‘Bu-MeAMD), H,S plasma 255
FeS, Fe(‘Bu-MeAMD), H,S plasma 255
NiS, Ni(‘Bu-MeAMD), H,S plasma 255
CoSe, Co(‘Bu-MeAMD), DEDSe 256
FeSe, Fe(‘Bu-MeAMD), DEDSe 256
NiSe, Ni(‘Bu-MeAMD), DEDSe 256
FeC, Fe(‘Bu-MeAMD), H, plasma 257
Ni;Cy Ni("‘Bu-MeAMD), H, plasma 258
Ni(tBu,DAD), H, plasma 259
Ni(acac), CH;CH,OH or 123

CH;CH,CH,OH

magnetic, etc.) of the ultrathin layers.””” Actually, the non-vdW mate-
rial class is appreciably wide; thus, there is an enormous potential to
unravel if the non-vdW materials could be synthesized as large-area,
high-quality ultra-thin films through ALD. Some of the so far synthe-
sized ultra-thin magnetic non-vdW materials are Fe,O; (hematene),”®’!
FeTiO; (ilmenene),”” Fe;0, (magnetene),””” FeS,’**”*” and
CooSes.”™ Until now, non-vdW materials have been synthesized
through bottom-up wet chemistry methods, liquid phase exfoliation,
and van der Waals epitaxy,”*”** but all of the aforementioned materi-
als could potentially be deposited through ALD as well. Bottom-up
methods are generally preferred over top-down approaches due to the
difficulty in separating material layers bonded through non-vdW inter-
actions (covalent, ionic, and metallic). Here, ALD could provide an
alternative bottom-up approach with its unique ability to yield well-
defined large-area monolayers through self-terminating chemical
reactions.

Taking a step forward, magnetic all-ALD systems such as FM/
AFM multilayer structures could be engineered and studied for their
exchange bias and magnetoresistive properties, which are tempting for
next-generation spintronics applications such as spin-orbit torque
based devices.””*”” On the other hand, the opportunity to utilize ALD
in the magnetic systems not as the magnetic component itself but oth-
erwise a crucial component is highly endorsed; for instance, standard
and conformal ALD metal oxide (HfO,, AL,O;) processes have been
employed in magnetic tunnel junctions (ultra-thin tunnel barrier) and
porous magneto-ionic nanostructures.” ' *"

Compared to the meticulous research carried out to develop/opti-
mize the ALD processes, much less efforts have been made for the
characterization of the resultant thin films for their magnetic proper-
ties. Advanced magnetic characterization techniques such as FMR,
magnetoresistance, magneto-optical, and spin wave (magnonics) anal-
yses have been only rarely used. In most of the cases, the magnetic
characterization has included only standard M-H analysis.
Nevertheless, even with the relatively basic magnetic characterization,
the massive potential and the unquestionable advantages of the ALD
magnetic coatings have been undisputedly proven. In particular, ALD
has proven superior in (i) yielding novel multilayered/multifunctional
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thin-film structures, (ii) stabilizing otherwise challenging-to-obtain
materials such as &-Fe,O;, and (iii) producing these coatings confor-
mally even on complex/high-aspect ratio surfaces. Moreover, the tradi-
tional selling point of ALD, ie., its ability to produce high-quality
pinhole-free ultra-thin films, is elemental for the magnetic films as well
since magnetic properties often depend heavily on the dimensions of
the material, and the favorable properties are often activated only
when the film thickness is in the appropriately (low) range. A prime
example is BiFeO;, which is antiferromagnetic in bulk form but ferro-
magnetic as (ultra)thin films.

To construct the future roadmap for the ALD fabricated mag-
netic materials, one of the guidelines to be emphasized could be to
build on the unique advantages of the ALD technique, including the
uniform large-area film growth of ultrathin layers on complex
surface architectures demanded for the miniaturization of electronic
devices and novel 3D nanodevices. One of the highlights from materi-
als perspective is the rarest trivalent iron oxide polymorph &-Fe,O;
that could revolutionize the next-generation electronic and spintronic
applications. So far, these prospects have been hindered by its metasta-
ble nature and tedious synthesis, but the facile ALD process developed
for this unique multiferroic material could now allow its implementa-
tion in complex device fabrication as high-frequency electromagnetic
interference absorber required for millimeter wave high-speed wireless
communications and recording media for high-density magnetoelec-
tric data storage.”*>*"**"

To achieve the breakthrough of the magnetic metal alloy thin
films, the challenges to overcome are the complete reduction of the
metal precursor species to metallic state, dewetting and island-type
film growth, and achieving simultaneously the smooth surface and
high crystallinity. There have been efforts to overcome these issues,
especially in terms of precursor development, but further improve-
ments are required particularly for ultrathin metallic films where dis-
continuity of the film is a major challenge.

For even more advanced functional magnetic thin film materials,
the use of ALD/MLD is already manifested in the form of photoactive,
ferrimagnetic ¢&-Fe,O5:ADA superlattices and, on the other hand,
TCNE-based metal-organic thin films. The handful of examples intro-
duced in this review is a nucleation point for the future development
of magnetic ALD/MLD thin films. One of the main challenges of
organic-based magnets is the lack of RT magnetic ordering. Thus, spe-
cifically attractive is the well-established ability to deposit in situ crys-
talline metal-organic-framework (MOF) thin films via ALD/MLD;"’
the ordered structure of MOFs could enable stronger long-range mag-
netic interactions and, thus, induce higher magnetic transition temper-
atures.”’” On the other hand, many of the magnetically ordered bulk
MOF materials have exhibited only low transition temperatures
despite the structural ordering. Yet this challenge could be approached
through the use of ALD/MLD, which generates, notably, solvent-free
inorganic-organic materials that can be different from their bulk
counterpar'[s.277

Advanced characterization must also be included in the future
roadmap as the detailed understanding of the structure, composition,
and functional (magnetic) properties are mandatory for the materials
to be realized in industrial processes. Especially in the case of magnetic
thin films, there is a general lack of advanced magnetic characteriza-
tion. For instance, in-depth analyses of ME properties of multiferroic
thin film materials (e.g, BiFeOs;, ¢-Fe,O;) are crucial for the
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development of novel spintronic devices. In addition, creativity is
encouraged for the novel magnetic materials, since magnetic properties
of thin films and especially ultrathin 2D-type materials are not well
known; the magnetic interactions depend on numerous aspects such
as composition, film thickness, stoichiometry, substrate effects, defects,
particle size, confinement effects, and more.

Once a promising material with a robust ALD process is devel-
oped, device demonstrations are the key to expedite the journey from
basic material research to real applications. The very limited number
of patents directly focusing on ALD fabricated magnetic thin films
reflects the fact that the efforts so far made in the field have rarely
aimed at real applications. This is somewhat amazing, as there are
much more patents for magnetic materials and devices based on other
(physical vapor) deposition techniques, including those for metallic
(Co, Ni) and intermetallic (Co-Pt, Co-Pt-Cr) materials utilized for
magnetic data storage dating back to 1970s.”% **" In the case of ALD,
patents on magnetic metallic (Co), intermetallic (Co,Sn,), and metal
oxide thin films (Fe,O3) can be found to some extent,”** " but ALD
patents clearly targeted to magnetic applications are lacking. It may be
the case that many of the past applications have not necessarily
required ALD for the growth of these magnetic materials since they
often rely on simple two-dimensional planar device structures.””
However, it is the novel magnetic and spintronic devices that could
best benefit on the ALD-grown high-quality (ultra)thin and, most
importantly, conformal magnetic thin films. Thus, in future consider-
ations, the target idea should not be to simply replace the thin films in
current device configurations but to response to the great need of novel
magnetic thin films needed for complex, more powerful, next-
generation nanodevices including high-sensitivity sensors and actua-
tors. It must be stressed that all the fundamental magnetic phenomena
involved with nanomagnetism and 3D effects are not even fully under-
stood but the necessity for high-quality 3D magnetic coatings is doubt-
less,””' and interdisciplinary competences between thin film
engineering, fundamental physics, and application specialists are
needed for the long-term breakthrough of advanced magnetism-based
applications.

VIIl. CONCLUSIONS IN BRIEF

In this first comprehensive review on the topic, the research out-
put related to ALD fabricated magnetic thin films has been summa-
rized. Nearly 40 different magnetic materials were covered ranging
from metal oxides and metals to inorganic-organic materials and
nanolaminates. Essentially all of the processes involve a d-block ele-
ment, while metallocenes and [3-diketonates, such as Fe(thd)s, have
been the most common metal precursor choice. These precursors
work relatively well but require a strong oxidizer—usually O;—as the
co-reactant to allow sufficient reactivity in a practical deposition tem-
perature range (ca. 150-250 °C). Thus, considerable research work has
been carried out toward realizing milder deposition conditions (tem-
perature, choice of co-reactant, etc.). Nevertheless, independent of the
precursors employed, the growth rates remain typically well below
1 A/cycle; this may sound lamentably slow, but the many unique bene-
fits of the ALD technique such as the unprecedented film thickness
control, film quality, and conformality even on challenging substrate
surfaces (sensitive, flexible, porous, high-aspect ratio structured) can in
many cases well compensate the slowness of the film growth. Indeed,
the ability to grow films on different substrate materials is important
for the potential technological applications; the high-quality film
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growth of magnetic materials has already been demonstrated for a
variety of different substrate types from silicon to complex AAO and
polymers such as polyimide.

This review also highlighted some of the promising deposition
processes, including those for the ternary FiM CoFe,O, and the inter-
metallic FM NigyFe,, (Permalloy). One of the pinnacles highlighted
was the in situ growth of high-quality films of the metastable ¢-Fe,O3
iron oxide polymorph with intriguing RT multiferroic properties
highly relevant for many next-generation spintronic devices. Another
intriguing topic discussed was the ALD fabrication of magnetic 3D
nanostructures; the uniform high-aspect ratio films enable, for
instance, simple engineering of the ever-pursued PMA and multilay-
ered two-bit cylinders for data storage applications. Furthermore,
exciting examples of RT FM inorganic-organic thin films and super-
lattices deposited through the combined ALD/MLD technique were
introduced. These novel hybrid materials are the proof-of-concept for
the prospects to utilize ALD-based thin films in organic spintronics
and other advanced applications, such as optically controlled memory
devices.

To signify the progress and possibilities of the ALD-grown mag-
netic thin films, magnetic property measurements were underlined for
some of the materials, including the EM properties of high-aspect ratio
nanotubes, strain-mediated ME coupling of porous BiFeOs/CoFe,0,
nanocomposites, and magnetoresistive effects of the Permalloy thin
films and Co-based spin valves. Finally, in Sec. V1I, perspectives for the
future trends in the field were provided. These include further develop-
ment of the ALD processes of metallic and oxide thin films, expanding
the magnetic material repertoire to 2D materials, emphasizing the
apparent importance of advanced magnetic property measurements,
and expediting the path from basic research to real applications
through increasing the so far sparce efforts to produce ALD-based
magnetic device demonstrations and to optimize these novelties to the
point of commercialization.
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