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Single-step thermal chemical vapor deposition was optimized at 400 °C for the growth of CoFe,0,4 spinel
thin films starting from the corresponding metal acetylacetonate precursors. Enhanced magnetization was
observed for conditions leading to a columnar growth with a preferred (100) orientation. The implemented
liquid precursor delivery secured a reliable films’ composition control and a straightforward dosage of
acetylacetone, as a molecular growth inhibitor, to enhance the film conformality on structured surfaces. The
optimized conditions enabled an efficient micro-pore filling, and the fabricated ordered micropillar arrays

CFO feature a coercivity of 1.8 kOe and a saturation magnetization of 350 emu/cm®. The implemented state-of-
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the-art up-scalable microfabrication technology, the reasonable thermal budget and the resulting high
magnetic performance pave the way towards the development of innovative magnetoelectric devices.
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1. Introduction

Ferromagnetic materials have long been of scientific interest to
fulfil various functionalities in a large range of devices.
Ferromagnetic materials with high coercivity are generally used as
permanent magnets and in data storage [ 1], whereas those featuring
high electromagnetic loss are relevant for microwave absorption [2].
In contrast, a high magnetic permeability and good ferromagnetic
resonance properties are essential for the design of microwave de-
vices such as antennas and tuneable filters [3,4], while magnetos-
triction is a key property of ferromagnetic materials destined to
transduction, micro-displacement actuation, noncontact stress and
torque sensing [5-9].

Among ferromagnetic materials, metal oxide thin films are ap-
pealing in terms of integration and miniaturization. In this context,
an advanced control over their structural properties is a pre-re-
quisite, especially in view of the anisotropic properties. As a ferro/
ferrimagnetic oxide, CoFe,0,4 (CFO) is one of the most investigated
ferrites owing to its moderate magnetization (87 emu/g (455 emu/
cm?) at 300 K and for a magnetic field of 15 kOe along the c-axis on
single crystal) [10], high coercivity [11], magnetostriction [12] and
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high Curie temperature (520 °C) as well as its good chemical stability
[13]. In contrast to most ferrites, CFO exhibits a strong magnetic
anisotropy [ 14].

Cobalt ferrite films have been prepared using various physical
methods including pulsed laser deposition (PLD) [15-17] and sput-
tering [18,19]. Chemical vapor deposition (CVD) is an alternative
technique presenting the advantage of being non-line-of-site, which
enables deposition of films on three-dimensional structures. Fur-
thermore, CVD is appealing for depositions on large substrates at
moderate temperatures [20,21].

Prepared films usually present defects in the lattice, at the sur-
face and grain boundaries, which impact the magnetic properties.
Post-deposition annealing is accepted as a promising solution to
improve and control the structural properties of CFO [18]. Indeed,
heat treatments can heal defects in the crystalline structure [22] and
grain boundaries [23]. The heat treatment at 750 °C under magnetic
field (0.5 T) enables the alignment of the initially random easy
axis, < 100 >, along the field direction, which increases the magnetic
anisotropy [24]. The grain orientation under magnetic field (2 T)
prior to sintering at 1350 °C yields a <100 > preferred orientation
and an ensuing increase of the magnetostriction up to -270 ppm [9].
The thermal budget associated to the magnetic annealing might
however become a limitation for device manufacturing, which fa-
vours growth methods enabling a direct crystalline orientation. In
this context, a significantly enhanced out-of-plane magnetization
(190 emu/cm?®) and coercivity (3.8 kOe) were observed for the
compressively strained epitaxial CFO <400 > on (100)SrTiO5 relative
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Fig. 1. (a, c) Top view and (b, d) cross-section scanning electron micrographs of CFO_90 and CFO_30.
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Fig. 2. ©-20 X-ray diffraction patterns of CFO_30 (red), CFO_90 (blue) and CoFe204
powder.
Retrieved from the database JCPDS file #04-006-4148 [36].
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Fig. 3. Raman spectra of CFO_30 (red) and CFO_90 (blue).

to the tensile strained counterpart on (001)MgO [25]. The use of
SrTiO3 is however not systematically compatible with devices
functionality, and it is associated with an inherent increase of
the cost.

CoFe,0,4 has widely been investigated for the design of multi-
ferroic composites, where the magnetoelectric (ME) coupling is
mediated by its magnetostriction that was evaluated as 1o
= -885 ppm for CoggFe;,04 [12] and CoFe,04 [26]. Various archi-
tectures were adopted for the design of multiferroic composites,
including self-assembly [27-31], and sacrificial templating ap-
proaches [32,33]. High ME coupling is expected from embedded
one-dimensional magnetic nano- or microstructures in a ferro-
electric matrix [27,28,34], an architecture that is challenged by the
difficulty encountered for the high-aspect ratio processing of CFO.
This challenge is addressed in the present study using a robust and
reliable approach at moderate temperature using chemical vapor
deposition and conventional microfabrication processes. Attention is
given to the magnetic properties, such as the saturation magneti-
zation, coercivity and related magnetic anisotropy, which reach re-
levant performances for future multiferroic composites fabrication.

2. Experimental methods

CFO thin films were grown on <100 > silicon substrate (Siegert
Wafer), without removing of the native oxide layer, by thermal CVD
using a precursor solution of 0.11 x 10~ molL™! of iron acet-
ylacetonate (Fe(acac);) and 0.5 x 107 molL™! of cobalt acet-
ylacetonate (Co(acac);) in ethanol. A pressure of 15 mbar, a
temperature of 400 °C and a gas flux of oxygen and argon with a
ratio 1:1 with a total flow rate of 200 mL/min were identified as the
optimal conditions for the growth of the crystalline CFO inverse
spinel phase. Two injection rates of the precursor solution were
employed in this study: 90 mL/h (growth rate of about 1.2 nm/min)
and 30 mL/h (growth rate of about 0.4 nm/min). These growth
conditions are hereafter referred to as CFO_90 and CFO_30, respec-
tively.
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Fig. 4. In-plane and out-of-plane magnetization curves of (a) CFO_90 and (b) CFO_30.

X-ray diffraction analyses were performed in Bragg-Brentano
geometry for diffraction angles between 20° to 50 ° using a Bruker
D8 Advance, equipped with a Cu Ka X-ray source. Raman char-
acterizations were performed at room temperature using an InVia
Raman Spectrometer from Renishaw with a 532 nm laser used at the
power of 8.5 mW. The films morphology and chemical compositions
were investigated at 5 kV using a FEI Helios Nanolab 650 scanning
electron microscope (SEM) coupled with an energy dispersive X-ray
spectroscopy detector (EDXS). Cross-section SEM was implemented
to inspect the grain structure and assess the film thickness. Magnetic
characterization was performed at room temperature by vibrating
sample magnetometry (VSM) between 50 kOe and - 50 kOe.

3. Results and discussion
3.1. CFO thin films

SEM surface and cross-section inspections were performed to
assess the impact of the precursor feeding rate under the optimized
growth conditions. The deposition time was adjusted under the
CFO_90 and CFO_30 conditions to attain a thickness of 300 nm, and
the corresponding morphologies are illustrated in Fig. 1. CFO_90
shows a granular morphology both in the surface and cross section
views (Fig. 1a and b), and the resulting grains exhibit a tendency to
agglomerate forming a porous structure. These growth conditions
clearly favour the nucleation over the crystallite growth which is not
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Table 1
Magnetic parameters of CFO samples.
Sample  Magnetization M; M, M,/ H. (kOe)
plane (emu/ (emu/ M; (%)
cm?) cm?)
CFO_90 In-plane 290 75 26 4.5
Out-of-plane 290 75 26 4.5
CFO_30 In-plane 300 65 22 2
Out-of-plane 300 135 45 4

surprizing for depositions with high partial pressure of the pre-
cursors. Inversing this tendency is therefore attempted by reducing
the precursor feeding rate, and the resulting CFO_30 films exhibit a
clear dominance of crystal growth over their nucleation. While the
surface morphology shows faceted ~50 nm large crystallites (Fig. 1c),
the cross-section view reveals a columnar structure in which the
dense initial nucleation is dominated by the fast growth of some
crystallites over others (Fig. 1d). A similar CFO columnar structure
was recently reported using a strong applied magnetic field (up to
4 T) during the Pulsed Laser Deposition at a significantly higher
temperature (680 °C) [35]. It is worth reminding that the mor-
phology attained in Fig. 1 corresponds to thermal activation with no
further assistance, which makes the upscaling more straightforward.
The expected Co:Fe ratio of 1:2 corresponding to the CoFe,0,4 spinel
phase was evidenced by EDX analyses on the thin films.

The XRD analysis, Fig. 2, reveals only peaks that can be attributed
to the CFO spinel phase and indexed with the cubic symmetry
(JCPDS file #04-006-4148, space group: Fd-3m (227), a=8.366 A
[36]). The observed broad peaks for the CFO_90 conditions are in line
with the presence of small crystallites. The X-ray reflexes of CFO_90
exhibit a relative intensity that is similar to the powder database
XRD pattern, which indicates a polycrystalline nature of the film. In
contrast, CFO_30 features a strong < 100 > preferential orientation.
This result agrees with the observed SEM morphology of CFO_30 and
a potential c-axis dominant growth. The orientation factor of the
(400) peak was computed by the Lotgering method [37] by com-
paring the CFO_30 XRD peaks intensity to powder from the data-
base. The obtained factor is equal to 0.67. This (100)-preferred
orientation on (100) silicon substrates obtained by CVD differs from
the usual (111)-preferred orientation obtained by PLD technique
[17], [35]. It is worth mentioning that the large lattice mismatch
(~23%) with a doubled unit cell of cubic (100)Si (JCPDS file #00-005-
0565, space group: Fd-3m (227), a=5.430 A) is not favourable for an
improved CFO films’ texture. Moreover, considering the amorphous
native oxide layer on the silicone substrate, the substrate is not likely

Fig. 5. Scanning electron micrographs of the cross-section of pores filling using a CFO
precursor solution with (a) no H(acac), (b) 0.05x 107> molL™! of H(acac), and (c)
0.1x107 mol L™ of H(acac).
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Fig. 6. Schematic description of the CFO pillar structure process visualized by scanning electron micrographs of (a) a cross-section after the CFO filling of the pores, (b) a top view

after polishing, and (c) cross-section after reactive-ionic etching of the silicone substrate.

the main factor for the oriented growth. As observed at the interface
region in Fig. 1d, the film presents a high nucleation density, but the
further crystal growth is dominated by the (100) oriented among
them. Therefore, the (100)-preferred orientation is driven by the
minimization of the surface area and that of the total free energy
with the interface and likely related to the growth temperature. In a
recent study [ 15], authors used a two steps DC magnetron sputtering
method to induce the growth of the (100) orientation in CFO. Au-
thors noticed that the growth at room temperature yields a CFO
layer that presents a maximal (100) orientation for a thickness of
8 nm. Further growth at a higher temperature, on the 8 nm oriented
seed layer, yields a (100) oriented CFO growth [38]. Moreover, a
study investigating the effect of the deposition temperatures of CFO
in the PLD process showed an increase of the (400) orientation for
temperatures around 450 °C compared to lower temperature [15]. In
this work, although the CVD process operates in a single step and at
a constant temperature, some similarities might be supposed. Con-
ditions enabling a slow kinetics are favourable for the (100) CFO
orientation, the surface diffusion favours the crystal growth over the
nucleation of new ones. It is worth mentioning that the subtle ratio
between nucleation and growth kinetics is temperature sensitive.
XRD stress measurements of the samples were performed on the
(311) planes from y=0° to y=50°. Leptos software was used to fit
the peaks and assess the stress values. For both samples, similar
strain values of 2.5% were retrieved. Those results were observed for
¢=0° and ¢ =90°. Approximate crystallite sizes were retrieved from
the broadening of the XRD peaks. Values between 10 nm and 20 nm
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Fig. 7. In- and out-of-plane magnetization curves of CFO regular rod arrays.

were obtained for CFO_90 whereas larger values between 40 nm and
70 nm were obtain for CFO_30. This result agrees with the larger
crystallites of CFO_30 observed in Fig. 1. However, the in-
homogeneity in crystallite sizes, visible on the SEM images, do not
enable a precise estimation from the XRD patterns.

The Raman spectra, Fig. 3, present the characteristic bands of CFO
at 209, 306, 471, 573, 617 and 693 cm™! [16,39)]. Details of the phonon
modes of the spinel structure have been investigated and described
in the literature [40,41]. Out of the A;g (R), Eg (R), T1g, 3T2g (R), 2A2,,
2E,, 4Ty, (IR) and 2T, phonon modes, five are Raman active (Aqg, Eg
and 3T,,). The bands and phonon modes were assigned according to
the literature [16,39,40]. Bands at 209, 306, 471 and 573 cm™! are
assigned to E; and 3T,; modes. CFO_90 and CFO_30 spectra exhibit
peak maxima with an almost identical Raman shift. The slight shift
can be attributed to the size of the grains [40] and to the occupation
sites of the Co®* cations [42]. An increase of the Raman intensity
ratio of the 617cm™ and 469 cm™ peaks would confirm that Co?*
shifts from the octahedral sites to the tetrahedral ones [43]. In this
study, the difference between the ratios is not judged significant.

The magnetic hysteresis loops, for applied magnetic field in- and
out- of plane, are presented in Fig. 4, and the extracted saturation
magnetizations M, remanent magnetizations M, and coercivities H,
are displayed in Table 1. It is worth mentioning that the saturation
magnetization M; refers to the value measured at an external field of
140 kOe and is estimated with a measurement error of about 5%.
Contributions from the diamagnetic silicone substrates and the
sample holder have been subtracted from the presented results.

The polycrystalline CFO thin film (CFO_90) features an in- and
out-of-plane saturation magnetization of 290 emu/cm?>. A slight in-
crease of both values was observed when adopting the conditions of
CFO_30 associated with the (100) preferred orientation. Such an
increase is generally observed in thin films upon post-deposition
annealing [44-46], and is associated with the improved crystal-
lisation [45-47]. The attained saturation magnetization for the as-
deposited films in the conditions of CFO_30 is in the range of those
reported for epitaxial CFO thin films [14,15] and epitaxially grown 1-
um-thick films [48], while the CFO bulk (prepared by CVD) yields a
higher performance (~400 emu/cm?) [49].

The coercivities presented in Table 1 are within the range of the
reported values in the literature for CFO thin films, and the CFO_90
coercivity of 4.5kOe is in the higher range of values reported
[15,23,50]. The in-plane decrease of the coercivity of CFO_30 (to
2 kOe) is also generally observed in cobalt ferrite with the increase of
the grain size [18,19], especially when exceeding the critical single
domain size of ~40 nm [50,51].

CFO_30 magnetic characterizations reveal a magnetic anisotropy
between the in-plane and out-of-plane properties compared to
CFO_90 (as displayed in Fig. 4 and Table 1). Relative to the poly-
crystalline film, the (100) oriented CFO (CFO_30) exhibits a 2-fold
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higher out-of-plane remanent magnetization and a 2-fold reduced
in-plane coercivity. The out-of-plane coercivity and in-plane re-
manent magnetization remained virtually unchanged. This aniso-
tropic behaviour can be correlated to the out-of-plane orientation of
the crystallite growth and the < 100 > orientation in CFO films [17,25]
as the [100] direction is reported as the easy magnetization direction
in CFO single crystal [52].

3.2. One dimensional CFO structures

The integration of CFO into device architectures requires the
optimization of the growth of various structures including ordered
micropillar arrays. Toward the fabrication of multiferroic composite
coatings, ferro/ferrimagnetic 1D geometries are promising as far as
the strength of the magnetoelectric coupling is concerned
[27-29,34]. The possibility to achieve conformal coatings with CVD
is a considerable asset for the filling of structures, such as trenches,
with high aspect ratios (AR=3:1 - 10:1). Here, custom-made
porous < 100 > silicone substrates were purchased from Smart-
MEMBRANES. The pores are 5um deep, feature a square shaped
opening of 1x1um? and display a hexagonal arrangement. The
CFO_90 deposition conditions on these porous surfaces yield a film,
whose cross-section morphology is displayed in Fig. 5a. A growth
rate on the upper surface was estimated at 1.2 nm/min, whereas only
0.1 nm/min grew on the vertical walls of the pores. The observed one
order of magnitude difference of the growth rate might be attributed
to the fast dissociative-chemisorption and depletion of the pre-
cursors at the surface. This leads inherently to an obstruction of the
opening with a marginal filling of the pores. One of the established
approaches to circumvent this effect is to introduce a molecule that
competes with the precursors for the highly accessible surface ad-
sorption sites. This forces the precursors to diffuse further to sites
with less competition, which enhances the growth conformality. The
introduced molecule plays therefore the role of a growth inhibitor at
the surface, and the optimization of its dosage in respect to the
precursor is crucial. Such an approach was recently reported for the
super-conformal growth of HfO, [53-55].

Acetylacetone, H(acac), was selected as the inhibitor and was
added to the precursor solution. As the metallic precursors are metal
acetylacetonates, the presence of acetylacetone is not expected to
induce any alteration of the precursor chemistry and does not in-
troduce additional elements that might contaminate the film.

Fig. 5 presents the filling profile of porous silicon using different
concentrations of H(acac) in the precursor solution. Introducing
0.05x 1072 mol L™! of H(acac) in the precursor solution yields a film,
whose cross-section in displayed in Fig. 5b. The growth rate on the
upper surface is significantly reduced, 0.3 nm/min instead of the
initially observed 1.2 nm/min, which confirms the inhibitor char-
acter of this molecule. Although a substantial improvement is ob-
served for the morphology, the complete filling was not achieved as
a pinch-off effect leads to the clogging of the opening of the micro-
pores. Increasing the concentration of the inhibitor to 0.1x 107
mol L™! yields a complete filling as depicted in Fig. 5c. It is worth
mentioning that the resulting films present a columnar structure
although the precursor feeding rate is representative for the condi-
tions of CFO_90, where a granular morphology prevailed. This is
attributed to the decreased deposition rate due to the addition of
acetylacetone. Although the CFO_30 conditions lead to this mor-
phology, the implementation of an inhibitor is required to obtain a
conformal filling of the pores. Using these conditions, however, re-
sults in an excessively reduced growth rate. Therefore, when adding
acetylacetone, the CFO_90 conditions were chosen instead to enable
a conformal filling with a columnar growth at acceptable rate. The
films inside the pores feature a growth orientation perpendicular to
the walls (i.e., in the substrate plane). The grains are about 500 nm
long and 50-150 nm wide.
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Based on this optimization, the conditions of CFO_90 with the
inhibitor concentration of 0.1 x 10~ mol L! were implemented to fill
the ordered micro-pores with CFO. The microfabrication was per-
formed using the workflow schematically represented in Fig. 6. This
includes (I) silicone pores filling, (II) mechanical polishing to remove
the top CFO layer, and then (IIl) the CFO rods excavation along 2 h
reactive-ion etching (RIE, Plasma-Therm, 790 SERIES) using CF4 (95
sccm) and O, (5 sccm) at 30 mTorr and a plasma power of 200 W.
SEM images of the samples after each step are displayed in Fig. 6.
The erosion of the corners during the RIE process leads to rods with
pyramidal tips. The excavated part of the pillar is about 3.4 pm high,
whereas the base is 1 x 1 pm? corresponding to an aspect ratio larger
than 3:1. The composition of both the top and bottom parts of the
rods, as measured by EDXS analysis, is similar and it corresponds to a
Co:Fe ratio of 1:2. This observation confirms that both precursors
diffuse efficiently along the micro-pores.

The magnetic hysteresis of the CFO rods following step III was
measured for in- and out-of-plane applied fields, and the results are
displayed in Fig. 7. A coercivity of ~1.8 kOe was observed for both in-
and out-of-plane orientations. This coercivity is smaller relative to
the obtained films, Table 1, and is within the range of those reported
in the literature for nanoparticles [56]. Saturation magnetization
values of 350emu/cm® and remanent magnetization values of
130 emu/cm? were measured in- and out-of-plane. The micropillar
arrays outperform the obtained films in terms of saturation mag-
netization and in terms of remanent magnetization, which is cor-
related to the larger formed crystallites. The obtained properties are
similar to those reported for epitaxially grown CFO. The observed
isotropy of the magnetic properties correlates with a decrease of the
strain in the sample. Indeed, a strain of 0.2% was assessed by XRD,
which is significantly low relative to the planar films (2.5%) despite
of the columnar structure of the grains.

It is worth mentioning that the investigated rods feature a cy-
lindrical shape composed of radially oriented long c-oriented crys-
tallites. The cylindrical shape is expected to induce an out-of-plane
magnetic shape anisotropy, whereas the radial c-oriented crystallites
would induce an in-plane magneto-crystalline anisotropy. The
competition between these anisotropic factors leads to an apparent
isotropic magnetization behaviour. The expected temperature-sen-
sitivity of the magneto-crystalline anisotropic contribution might
enable adjusting the magnetic behaviour and triggering new appli-
cations of the CFO rod arrays.

4. Conclusion

Thermal CVD was optimized for the growth of CoFe,04 at 400 °C
using metal beta-diketonates as precursors. The use of acetylacetone
as a growth inhibitor was investigated to enhance the conformal
nature of the coating on structured surfaces and to attain an efficient
micro-pores filling. A microfabrication routine was implemented to
excavate CFO ordered micropillar arrays, whose magnetic properties
outperform the ones of the film obtained using the same process.
The resulting regular 1D structures are considered as an important
milestone towards the development of magnetoelectric composite
coatings with a strong coupling.
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