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Low Temperature Stabilization of Nanoscale Epitaxial
Spinel Ferrite Thin Films by Atomic Layer Deposition

Mariona Coll,* Josep M. Montero Moreno, Jaume Gazquez, Kornelius Nielsch,

Xavier Obradors, and Teresa Puig

In this work heteroepitaxial stabilization with nanoscale control of the mag-
netic Co,FeO, phase at 250 °C is reported. Ultrasmooth and pure Co,FeO,
thin films (5-25 nm) with no phase segregation are obtained on perovskite
SrTiO; single crystal (100) and (110) oriented substrates by atomic layer
deposition (ALD). High resolution structural and chemical analyses confirm
the formation of the Co-rich spinel metastable phase. The magneto-crystalline
anisotropy of the Co,FeO, phase is not modified by stress anisotropy because
the films are fully relaxed. Additionally, high coervice fields, 15 kOe, and high
saturation of magnetization, 3.3 pg per formula unit (at 10 K), are preserved
down to 10 nm. Therefore, the properties of the ALD-Co,FeO, films offer
many possibilities for future applications in sensors, actuators, microelec-
tronics, and spintronics. In addition, these results are promising for the use
of ALD compared to the existing thin-film deposition techniques to stabilize
epitaxial multicomponent materials with nanoscale control on a wide variety
of substrates for which the processing temperature is a major drawback.

scarce due to the difficulty to obtain stable
phases by conventional synthetic methods,
such as the use of high pressure or soft-
chemistry.271014  Another ~ well-known
stabilization approach is the synthesis of
epitaxial thin films, although a high tem-
perature process is usually required.l'>~7]
Therefore, a remarkable innovation would
be the epitaxial stabilization at low tem-
perature with atomic-level control of meta-
stable spinel ferrite oxide phases, which
may have a direct impact on many critical
film parameters including roughness,
atomic interdiffusion, strain, and structure
reconstructions allowing unique struc-
tural, magnetic, and electronic properties.
In spintronic applications, for instance,
keeping high quality interfaces and insu-
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1. Introduction

The ability to stabilize materials of predicted technological and
fundamental interest is a major challenge in materials science.
Spinel ferrite oxides are one of the most studied compounds
among the spinel family owing to their numerous and prom-
ising applications in microelectronics, spintronics, sensors, catal-
ysis, and even photoconductivity.'> The cation distribution in
these structures can differ depending on the preparation method
and it is responsible for the rich variety of physical and chemical
properties.l'®l Among them, cobalt substituted spinel ferrites
(with general formula AB,0,) are particularly attractive because
of the magnetic anisotropy incorporated by the Co ion.”*1 How-
ever, the experimental work on Co-rich ferrite phases is rather
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lating behavior in ultrathin films without

shorts is essential for direct tunneling

across the band gap.'¥ Tunneling magne-
toresistance efficiency is actually dependent on the specific band
structure and thus, achieving the novel spinel Co,FeO, with a
modified band structure opens new perspectives in this field.[ 8!
Furthermore, this would significantly reduce the fabrication
cost while making it compatible with a broad range of materials
without jeopardizing the system stability.

Atomic layer deposition (ALD) is a unique gas-phase deposi-
tion technique that has become a mainstream technology for the
production of ultrathin coatings with a high degree of thickness
control and a well-defined chemical reaction without non-volatile
side products. It is distinguished from other deposition methods
for its low temperature and low vacuum deposition conditions,
and excellent conformality at the nanometer-scale level.l'*21] A
fast-growing development of the ALD process for ternary and
quaternary oxides has taken place recently, although it is ham-
pered by the difficulty to find suitable metalorganic precursors
for the ALD deposition conditions.*!-%’] Spinel phases, such as
ZnAl,0,12%2% or the Fe-rich cobalt ferrite CoFe,0,,['"30-32] have
been successfully prepared by ALD as thin films and nanotubes.
However, the vast majority of ALD processes at low deposition
temperature lead to amorphous or polycrystalline phases.** Tt is
noteworthy that it has been recently demonstrated that epitaxial
binary oxides can be obtained on chemically compatible single
crystal substrates below 300 °C.3*37I However, thus far, no epi-
taxial multicomponent oxide thin films have been demonstrated
by ALD at reasonably low processing conditions unless a post
annealing treatment was performed.[26:38:3%
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In this work, we demonstrate the heteroepitaxial stabilization
with nanoscale control of magnetic Co,FeO, (CFO) thin films
at 250 °C by atomic layer deposition, providing a fascinating
opportunity to design and explore novel physical and chem-
ical phenomena. ALD-CFO films with different thicknesses
(5-25 nm) have been prepared on perovskite SrTiO; (STO)
single crystal (100) and (110) oriented substrates keeping the
same crystalline orientation (& = 7.4%). By means of high reso-
lution X-ray diffraction (HR-XRD) and transmission electron
microscopy (TEM), the formation of pure, epitaxial and fully
relaxed CFO thin films on STO single crystals with no phase
segregations has been identified, contrary to what is usually
observed when the bulk synthesis is performed.'®'2l Atomic
force microscopy studies revealed the formation of ultrasmooth
surfaces. The chemical composition and film stoichiometry
have been studied by ex-situ X-ray photoelectron spectroscopy
(XPS). In-plane and out-of-plane magnetic hysteresis loops for
the 25-10 nm CFO thin films, performed at 10 and 300 K, show
no modification of the magneto-crystalline anisotropy, which is
related to the fact that the films are fully relaxed. High coercive
fields and a high magnetization of saturation are identified at
10 K. A strong decrease of the coercivity is observed at 300 K.
Also, the 5 nm ultrathin films show a small shrinking of the
hysteresis loops at low fields and a weak reduction of the mag-
netization of saturation, which we attribute to the presence of
structural defects, i.e., antiphase boundaries, within the spinel
structure.

2. Results and Discussion

Figure 1a,b shows X-ray diffraction (XRD) 6-26 scans of as-
deposited 15 nm CFO films on (a) STO (100) and (b) STO
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(110). The 26 values of the Bragg reflections at 44.1° identified
in Figure la and at 63.5° in Figure 1b suggest the formation
of Co,FeQ, in both cases. Also, the presence of only (00l) CFO
Bragg reflections in (a) and only (011) CFO reflections in (b)
confirm the epitaxial growth of ALD-CFO films at 250 °C with
no evidence of any secondary phases (see Supporting Infor-
mation, Figure S2). The out-of-plane orientation of the CFO
films is evaluated from the @-scan, insets in Figure 1a,b. The
corresponding rocking curves lead to full width at half max-
imum (FWHM) values of =1.5°, indicating good heteroepitaxy.
Remarkably, no such epitaxial quality, phase purity, and stability
in Co,FeO, thin film compounds at 250 °C has been previously
reported.l'31]

From high resolution in-plane ¢-26 area scans, the strain
and out-of-plane lattice parameter has been analyzed for
15 nm CFO on STO (100), Figure 1c, 5 nm CFO on STO (100),
Figure 1d, and 5 nm CFO on STO (110), Figure le. The CFO
(440) reflection has been studied for the CFO films on (100)
STO, whereas the CFO (400) reflection has been studied for
the CFO film on (110) STO. The in-plane ¢-260 area scans
support the epitaxial relationship previously identified for the
two systems, (100)[001]CFO||(100)[001]STO and (110)[011]
CFO[|(110)[011]STO. By carefully analyzing the ¢ parameter
from Figure 1c-e, it has been found to be 8.24(8) A, 8.26(2) A,
and 8.23(1) A, respectively. These unit cell dimensions are in
good agreement with the reported bulk value of Co,FeO, (c =
8.242 A) and rules out the formation of the Fe-rich CoFe,0,
phase (c = 8.381 A). The minimal divergence (<0.2%) of the
¢ parameter of the obtained ALD- Co,FeO, films from that of
the bulk phase suggests the formation of fully relaxed films.
The strain state of these ALD-CFO thin films is dramatically
different from the CoFe,O, oxide spinels prepared at higher
temperature by sputtering, pulsed laser deposition, molecular
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Figure 1. X-ray diffraction 6-20 scans of as-deposited 15 nm CFO films on a) STO(100) and b) STO(110). High resolution in-plane ¢-26 area scans of
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c) 15 nm CFO on STO(100) performed around the CFO(440) reflection, d) 5 nm CFO on STO(100) around the CFO(440) reflection, and e) 5 nhm CFO

on STO(110) around the CFO(400) reflection.
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Figure 2. AFM topographic images of CFO thin films on a) STO (100) and b) STO (110).

beam epitaxy, and even atomic layer deposition after a post
annealing treatment.'V184041] In our case, the stabilization of
the Co-rich phase is promoted by the crystalline substrate that
can induce epitaxial growth, as previously shown in other com-
plex phases.'1742l Uniquely, the atomic-scale degree of homo-
geneity along with the low kinetics achieved when using ALD
may ensure the epitaxial growth at temperatures much lower
(250 °C) than those obtained when using other thin-film depo-
sition techniques (600-900 °C).[3*41:43:44]

The surface morphology of the CFO films was evaluated
from atomic force microscopy (AFM). Topographic images of
10 nm CFO thin films on STO (100) and STO (110) are shown
in Figure 2a,b, respectively. An ultra smooth surface rough-
ness, rms =0.3 nm, is obtained for the two systems with no
variation for different film thicknesses, as expected from a
self-limited surface reaction. High resolution TEM images of
the 10 nm thin films grown on STO (100) and on STO (110),
Figure 3ab, respectively, show that the CFO films are con-
tinuous over long lateral length and highly epitaxial. From the
corresponding selected-area electron diffraction (SAED) pat-
terns a cube on cube epitaxial relationship between the CFO
film and the STO substrate is observed. The splitting of the
film and the substrate diffraction spots are consistent with a
fully relaxed film, in good agreement with our XRD data. The
most common defects in cobalt ferrite spinel thin films are
the antiphase boundaries (APBs),['#%! which are understood
as stacking defects of the atomic planes in the spinel lattice
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mm  corresponding to a half lattice translation of
325 the cationic sublattice.l'®#] It is worth noting
that in our spinel films APBs are present in
25 relatively high concentrations, see Figure 3c,
which is expected to have a strong influ-
175 ence on the magnetic properties, specially in
15 ultrathin films, as it will be discussed below.
The high-resolution image of a 10 nm CFO
075 film on STO (110) shows in detail the inter-
face between an APB and the spinel struc-
0 ture. APBs show a different contrast because

they comprise a half lattice shift of the cati-

onic sublattice. The same defect is observed

in all CFO/STO thin films, although the
5 nm CFO films contain higher concentrations of APB.

The chemical composition of CFO films with 5 nm and
15 nm thicknesses on both substrates STO (100) and STO (110)
has been investigated by ex-situ X-ray photoelectron spectros-
copy. From the survey spectra the presence of Co, Fe, O, Sr, and
Ti is identified, consistent with the species pulsed onto the STO
substrate (Supporting Information, Figure S3). High resolu-
tion XPS spectra of Co(2p) and Fe(2p) areas have been acquired
for these set of samples, see Figure 4. Quantitative analysis of
the cation ratio lead to 2Co:1Fe, in well agreement with the
expected stoichiometry in Co,FeO,, see Supporting Informa-
tion, Figure S4 and Table S1. All the films, regardless of thick-
ness and orientation, show a similar chemical composition.
High resolution Fe(2p) spectra, Figure 4a, show two main peaks
attributed to the spin-orbit doublets 2p;, and 2p, 5. Fe 2p3), has
a binding energy of 710.8 eV, very close to what has been previ-
ously reported for Co-Fe spinels and Fe,0; phases.*647] Despite
the weakness of the satellite peak at 718.8 eV characteristic
of Fe**, the absence of Fe 2p;), peak asymmetries centered at
708 eV that could reveal the presence of Fe?* ions suggests that
the presence of Fe** species dominates. The Co(2p) line shapes
are shown in Figure 4b. The Co2p;,, binding energy appears
at 780.4 eV with satellite peaks situated 6 eV above the main
peaks, in agreement with the structure reported for the spinel
Co ferrites.”#l The presence of these satellite peaks is char-
acteristic of Co?* species, however, the satellite positions are
not sufficiently chemically shifted and intense to allow ready

. $T0(110):

Figure 3. Cross-section bright-field high resolution TEM images of samples grown on a) STO (001) and b) STO (110), viewed along the zone axis [010]
of STO. Insets show the corresponding SAED patterns. The indexed diffraction spots of the CFO layer and the substrate appear in yellow and white,
respectively. c) Cross-section bright-field high-resolution TEM image of the 10 nm sample grown on STO (110) viewed along the zone axis [010] of STO

identifying the presence of antiphase boundaries (APB).

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. High resolutuion XPS spectra of a) Fe(2p) and b) Co(2p) regions for (1) 5 nm CFO on STO (110), (2) 5 nm CFO on STO (100), (3) 15 nm
CFO on STO (110), and (4) 15 nm CFO on STO (100). Arrows indicate the position of the satellite peaks.

deconvolution of Co?* and Co** species. Thus, XPS analysis
confirms the cation ratio 2Co:1Fe and the presence of Fe** in
our ALD films. Advanced characterization using a synchrotron
light source would be required to understand the cation distri-
bution in more detail.['®]

The magnetic behavior of as-deposited CFO thin films with
various thicknesses has been evaluated. Figure 5 shows the
hysteresis loops at 10 K of 25, 10, and 5 nm CFO thin films
on STO (100) with the field applied along the [100] direc-
tion, in-plane, and along the [001] direction, out-of-plane. It
is observed that in-plane and out-of-plane hysteresis loops of
25 nm and 10 nm CFO thin films show almost no difference
in remanence (M,) and coercive field (H), Figure 5a,b, respec-
tively. This behavior is in contrast to the easy magnetization
axis typically reported for CoFe,0, thin films,?®?% which has

1.5 1.5

been mainly attributed to the strain originating from the lattice
mismatch with the substrate and could be accentuated by the
film thickness and the processing temperature.[*0414447.50 The
contribution of the stress anisotropy to the magneto-crystalline
anisotropy is given by 31,090/ M;, where A4 is the magneto-
striction coefficient, o is the uniaxial stress, and M; is the satu-
ration magnetization.’!l Based on our XRD and TEM data that
showed the formation of fully relaxed films, the nearly equal in-
plane and out-of-plane magnetization curves indicate that there
is no modification of the magneto-crystalline anisotropy from
the stress anisotropy. However, only for the 5 nm CFO films
(Figure 5c), the shape of the hysteresis loop is significantly dif-
ferent. The in-plane H, value is much higher than the out-of-
plane, yet M, is maintained. Note that these films are also fully
relaxed (Figure 3a,b), which rules out a stress-induced magnetic

anisotropy effect. Interestingly, as the CFO

thickness decreases, a shrinking at low fields

is more evident. This shrinkage observed
at low fields, being particularly dramatic
for the 5 nm films, has been observed in
CoFe,0, films on STO and MgO substrates.

1018 i 1.0/(b)
_o0sf = 051
0.0 < o0
d .s': 2

M/M

Some authors have assigned this behavior
to the presence of two different magnetic
phases.*#2l Others have attributed this to
the presence of APB that could weaken the

magnetic interaction. They observed that the
effect is stronger for thinner films because
the concentration of APB is higher.l'®! There-

fore, according to our TEM observations it is
likely that the shrinkage observed in the ALD
stabilized Co,FeO, thin films can be attrib-
uted to the high density of APB.
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The saturation magnetization (M) of
CFO films with a thickness down to 10 nm
is =450 emu cm™3 (=3.3 pg per formula unit),
slightly higher than the theoretical value
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magnetic field applied along the in-plane direction.
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Figure 5. Magnetic hysteresis of as-deposited CFO thin films on STO (100) deposited at 250 °C:
a) 25 nm, b) 10 nm, and c) 5 nm, measured at 10 K with the magnetic field applied along the
in-plane (green open symbols) and out-of-plane (black solid symbols) direction. d) 25 nm CFO
on STO(100) measured at 300 K (blue open symbols) and 10 K (red solid symbols) with the

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

expected for Co,Fe0,.51012] Remanent mag-
netization of around 50% is observed for
the whole range of film thicknesses. Based
on these experimental values of M, the fol-
lowing cation distribution in the spinel struc-
ture (Co?*y, Fe¥*)a (Co*Fe¥*, Co’*i )y O,
(with 0.16 < x < 0.4) is proposed, where A and
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B stand for the tetrahedral and octahedral cations sites in the
cubic spinel structure, respectively. This distribution is in good
agreement with the cation allocation previously reported based
on diffraction, magnetic and spectroscopic experiments.['>133]
Also, H, is close to 15 kOe, characteristic of a hard magnet
when measuring along a hard axis direction.!l For 5 nm films,
M decreases to =230 emu cm™ with coercive fields of 11 kOe
and 2 kOe for parallel and perpendicular directions, respec-
tively. Variations of the magnetic properties from the theoret-
ical values are very common in spinel ferrite thin films.® For
instance, a similar decrease of the magnetization and coer-
civity at low thicknesses has already been observed in Fe;O, or
CoFe,0, on Mg(001) and has been attributed to the increased
number of APBs,*>>4 consistent with the microstructural sce-
nario found in our ALD films as anticipated above. Nonethe-
less, these ultrathin films offer many attractive applications
in sensors, microelectronics, and spintronics. In Figure 5d, a
comparison of 300 K and 10 K hysteresis loops of 25 nm CFO
films on STO (100) is presented. Similar to the measurements
performed at 10 K, the magneto-crystalline anisotropy of the
Co,FeO, phase at 300 K is not modified by the stress anisotropy
although a smaller saturation magnetization (380 emu cm™)
and a substantial coercive field decrease (0.5 kOe) is observed.
The magnetic anisotropy constant (K;) has been estimated
at 300 and 10 K for the 25 and 15 nm thin films resulting in
=4 x 10° erg cm™ (300 K) and =10 x 10° erg cm™ (10 K), on
the same order of magnitude as the data obtained for bulk and
thin film Co-ferrite samples.[*'>’] Note that the decrease of H,
at 300 K is significantly higher than what would be expected
based on Kj, which has already been observed in other cobalt-
ferrite systems.”1352] Finally, the 5 nm ALD-Co,FeO, films also
exhibit a smaller H, at 300 K (0.2 kOe), following the same
trend as observed at 10 K in Figure 5¢, which is attributed to a
higher density of APBs in ultrathin films.'843]

Analogously, the magnetic behavior of CFO films on STO
(110) shows the same trend as CFO on STO (100) (Supporting
Information, Figure S5). Note that in-plane measurements per-
formed for the (0ll) oriented CFO films at 10 K at two different
angles, 0° and 90°, show the same behavior indicating that the
magneto-crystalline anisotropy along the hard axes <110> and
<100> is the same.l The magnetism of Co,FeQ, layers could
be further improved to be used as tunnel barriers when using
substrates with better lattice matching (i.e., Pt (111), MgAlL,O,
(001)). In these systems it is expected that, similar to what has
been observed in CoFe,0,, the density of APBs will be lower.['®!

Thus, we have proven that highly epitaxial cobalt iron spinel
oxide prepared by ALD at 250 °C with enhanced magnetic prop-
erties can be stabilized for thicknesses down to 10 nm. Thinner
films, although highly crystalline, show slightly decreased
magnetic properties. These variations cannot yet be clearly
explained but it is likely that the presence of high density APB
structural defects that break the crystalline order could be a key
parameter.[645:47:5657]

3. Conclusion

We have demonstrated the heteroepitaxial stabilization of
the magnetic and metastable Co,FeO, spinel phase at 250 °C

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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using atomic layer deposition. Importantly, this low temper-
ature process with atomic scale homogeneity has a direct
impact on many critical film parameters including rough-
ness, strain, crystallinity, and the magnetic properties. The
ALD-Co,FeO, films (5-25 nm) are highly epitaxial and fully
relaxed with an ultrasmooth surface whereas traditional
deposition techniques require high processing temperatures
(600-900 °C) or post annealing treatments to achieve such
characteristics. In addition, these ALD-Co,FeO, films show
enhanced magnetization and coercivity compared to the
bulk values. Ultrathin films, similar to other ferrite layers,
show a reduced magnetization and coercivity that might be
attributed to a higher density of structural defects (APBs).
Further improvement of the Co,FeO, magnetic properties
could be pursued by inducing the epitaxial stabilization with
a substrate with smaller lattice mismatch. This low-cost and
low-temperature process is a major step forward to prepare
and stabilize epitaxial complex oxides with nanometric scale
control, especially when the temperature is the main limita-
tion. Furthermore, it holds promising implications for a large
variety of materials, to integrate dissimilar layers and fabri-
cate advanced devices even on 3D substrates, without compro-
mising the system stability.

4. Experimental Section

ALD of Co,FeO, Films: Co,FeQ, films were prepared in a Cambridge
Nanotech Savannah flow-type reactor at 250 °C by alternate pulsing of
cobaltocene (Co(Cp),) and ferrocene (Fe(Cp),) combined with ozone
(O3) to obtain the required film stoichiometry (2Co:1Fe). The number
of supercycles was modified according to the desired film thickness
(from 5 to 25 nm). The samples were prepared on 5 x 5 mm? (100)
strontium titanate SrTiO; (STO) and (110) STO substrates previously
cleaned by 5 min sonication in ethanol and dry N,. Each run was
performed simultaneously on STO(100), STO(110), and thermally grown
SiO,/Si (100) substrates. We have observed that for the three systems,
the thickness of the CFO films depends linearly on the number of
cycles, obtaining a constant growth rate of 0.5 A/supercycle at 250 °C
(Supporting Information, Figure S1). No subsequent heat treatment has
been performed for the samples shown here.

Co,FeO, Characterization: The film purity and crystallinity were
studied using Rigaku Rotaflex RU-200BV X-ray diffractometer with
Cu-K, A = 1.5418 A. Texture analysis was perfomed using a XRD?
GADDS D8 Advance system from Bruker. X-ray in-plane reciprocal
space maps were obtained with a ¢-26/w configuration using a
Panalytical X’Pert PRO MRD instrument (CuK, radiation and PIXel
detector) at the Institut Catala de Nanociéncia i Nanotecnologia
(CIN2), Barcelona, Spain. The surface morphology was evaluated
by scanning force microscopy with a microscope 5500 from Agilent
Technologies. The surface chemical composition was studied by
Kratos Axis Ultra X-ray Photoelectron Spectroscopy with a Mg K,
source (1253.6 eV), a pass energy of 160 eV for survey spectra and
20 eV for high resolution spectra, at the Instituto de Nanociencia
de Aragon (INA), Zaragoza, Spain. To compensate charging effects,
all spectra were calibrated respect to the C(1s) peak at 284.9 eV.
Transmission electron microscopy (TEM) images and selected-area
electron diffraction (SAED) patterns have been acquired using a FEI
Tecnai G2 F20 operated at 200 kV. TEM specimens were thinned by
mechanical grinding, polishing, and dimpling, followed by Ar-ion
milling. Macroscopic magnetic measurements were performed at
300 and 10 K using a Quantum Design superconducting quantum
interference device SQUID. The magnetic field is applied along the
[100] direction (in-plane) and [001] direction (out-of-plane) varying

Adv. Funct. Mater. 2014, 24, 5368-5374
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from 0 to 7 T, M(H). The magnetization curves were corrected from
the STO diamagnetic contribution.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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