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Abstract—The possibility of synthesizing textured barium hexaferrite films on silicon wafers with Ti,
Al,0O3/Ti, or Al,O3/TiO, barrier layers was studied. X-ray diffraction (XRD) showed that, after crystallization
annealing, the hexaferrite phase with the (001) preferred orientation was formed only when there was contact
between BaFe ;0,9 and Al,O;. The hexaferrite microstructure in these samples, according to atomic force
microscopy (AFM), is represented by rounded grains, which are typical of films where the hexagonal axis is
perpendicular to the surface plane. Titanium in a BaFe,0,9/Al,05/Ti sample was partially oxidized during
the synthesis. This process and the associated phase transformations in TiO, are assumed to induce mechan-
ical stress in the structure and, as a consequence, the formation of macroscopic defects (bulges). Complete
pre-oxidation of the titanium film produced a textured BaFe ,0 9 structure without macroscopic defects.
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INTRODUCTION

BaFe,0,y (BaM) and SrFe ;0,9 (StM) are of the
greatest practical importance among the hexagonal
ferrites (HFs); they are widely used in microwave and
radio engineering, communication systems, and as
permanent magnets [1, 2]. The value of these ferrites
is due to the unique combination of their properties:
high magnetic and dielectric constants, low conduc-
tivity, high constants of uniaxial crystallographic
anisotropy, resistance to mechanical stress, and chem-
ical stability [1, 3]. BaM and SrM have long been
known and well studied. Nevertheless, interest in
hexaferrites does not fade over the years, for there are
many ways to modify these materials. For example,
modifying of the chemical composition through iso-
morphic substitution of cations makes it possible, to
some extent, to tune the main magnetic parameters of
HFs [4—8]. At the same time, the properties and char-
acteristics of HFs can change upon the transition of
the material to alternative states, to nanopowders
[9, 10] or thin films [11].

The topicality of preparation of HFs in thin films is
in the general trend toward the miniaturization of
electronic devices and the advent of planar technol-
ogy. For ferrite-based nonreciprocal microwave
devices, the weight—size parameters are mostly asso-

ciated with the presence of external permanent mag-
nets, which provide offset fields. Theoretically, these
magnets can be eliminated using the self-biased effect,
which is possible in textured HF films due to their high
constants of uniaxial crystallographic anisotropy [12].

The preparation of anisotropic HF films is associ-
ated with certain difficulties, for the material is
required to have a high degree of crystallographic tex-
ture. Liquid phase epitaxy has reached acceptable
results [13], but this method is relatively complex and
economically impractical. More facile and low-cost
methods of synthesis (sol—gel [14—16] and screen
printing [17, 18]) do not yet provide a high degree of
texture in samples. Vacuum deposition techniques
(pulsed laser deposition [19] and ionic sputtering [20])
have a potential for producing quality anisotropic
films. The specifics of implementation of these tech-
niques for HF preparation have been surveyed [21].

The choice of substrate is a matter of special
importance in the preparation of thin films. (001) sin-
gle-crystal sapphire wafers [22] or Pt(111)/SiO,/Si
structures [23] are used for the production of HFs with
the easy magnetization axis directed perpendicular to
the surface plane. (001)-Oriented HF growth occurs in
the epitaxial mode. However, there is another
approach to the growth of the (00I) texture. Metals
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with FCC lattices are known to grow with the (111)
texture on amorphous surfaces; this is due to the
nuclei of this orientation having the least surface
energy and the absence of contributions from stresses
generated by the misfit of film and substrate lattice
parameters [24]. In turn, minimization of the surface
energy is due to the closest packing of atoms [25].
A similar mechanism is intrinsic to hexaferrites and
manifests itself in the spontaneous formation of the
(001) texture [26, 27]. The use of this phenomenon,
obviously, helps to reduce the cost of production and
research of anisotropic HF films.

There are only few works on the growth of oriented
BaM films on amorphous surfaces [26, 27]. Perhaps
this is due to the inapplicability of silicon dioxide, the
most common amorphous material, in thin-film tech-
nology. It is known that silicon diffuses from the sub-
strate into the film [28], which can lead to the forma-
tion of silicate phases [28, 29] and misalignment of HF
grains. Thus, this growth technique requires materials
that are highly chemically inert over a wide tempera-
ture range.

Given this situation, in our previous work we
attempted to manufacture anisotropic BaFe,0O, films
on amorphous Si;N, [30]. Although a highly textured
HF phase was formed, the material was found unsuit-
able for practical use due to macroscopic blistering
and violation of integrity after crystallization anneal-
ing. Attempts to find references to such defects in
hexaferrite films in the literature were unsuccessful.
Nevertheless, similar bulges were repeatedly observed
in films of other materials and assigned to the effect of
strong mechanical stresses [31]. Stress control pro-
cesses in films are quite complex, involve the use of
expensive equipment, and are poorly applicable to
amorphous and textured materials [31]. In this regard,
it is difficult to recognize unambiguously and reliably
and eliminate stress sources in the prepared samples.
However, silicon nitride films are well known for their
strong internal or residual stresses [32], which sub-
stantially depend on the synthesis conditions [33]. The
nature of the defects implies that the stresses in the
resulting films were compressive stresses. Therefore, a
layer of amorphous Al,O; was added to the structure,
the stresses in which caused tension to compensate for
the compression in BaFe,0,4/Si;N,. The result of this
was a defect-free anisotropic HF film.

Despite the positive result [30], research in this
direction should be continued in order to find a substi-
tute for Si;N,. As mentioned above, this material is too
sensitive to synthesis conditions, which negatively
affects the reproducibility of its properties (film thick-
ness and stress values). In addition, its preparation
process (chemical vapor deposition) requires special
equipment and hazardous reagents. Therefore, the
search for a more facile alternative can be considered a
topical task.
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In this work, we studied the usefulness of titanium
and its natural oxide as one of the barrier layers for
growing textured BaM films. Metallic titanium in its
low-temperature polymorph has a hexagonal lattice
with the [001] close packing direction; accordingly,
the (001) preferred grain orientation is often observed
in titanium films [34], and the HF can potentially
inherit it. Titanium films can be easily manufactured
using equipment intended for the preparation of
BaFe,,0,, films by physical vapor deposition.

EXPERIMENTAL

The substrates used were (001) single-crystal sili-
con wafers. At the first stage, BaM/Ti/Si and
BaM/Al,0,/Ti/Si samples were manufactured, and at
the second, BaM/Al,0,/Ti0O,/Si0,/Si  and
BaM/Al,0,/TiO,/Si were manufactured. Silicon was
oxidized to SiO, (1100°C, 1 h) and titanium was oxi-
dized to TiO, (900°C, 3 h) in air inside a muffle fur-
nace. Al,O; (~200 nm), BaFe ;0,9 (~100 nm), and Ti
(~100 nm) films were prepared by ion beam sputter-
ing. The targets used were a polycore Al,O; wafer, a Ti
disk, and a stoichiometric BaFe,0,, tablet manufac-
tured by standard ceramic technology. Before films
were applied, the substrates were sonicated with iso-
propyl alcohol and washed with distilled water. Then,
the substrates were placed at a distance of about
35 mm from the target in the vacuum chamber of a
UVN-71 setup. During deposition, the discharge cur-
rent of the ion source was 40 mA, the discharge voltage
was 2 kV, and the working gas (Ar) pressure was main-
tained at 3 x 10~* Torr. Substrates were heated to
310 = 10°C to improve adhesion and remove adsorbed
gases. Hexaferrite deposition was followed by crystal-
lization annealing in air for 1 h at 900°C (the heating
rate was 300 K/h). The thickness of the films was mea-
sured on a DekTak 150 contact profilometer, in the
case of transparent coatings, on an LEF-3M-1 ellip-
someter. X-ray diffraction (XRD) patterns were
obtained on a Bruker D8 ADVANCE diffractometer
(CuK, radiation, A = 0.154 nm, U=40KkV, /=40 mA).
The angular step was 0.02°; the 20 angle range was
15°—100°. The surface morphology of films was studied
by atomic force microscopy (AFM) using an NT-MDT
NTEGRA Prima scanning probe microscope.

RESULTS AND DISCUSSION

The AFM micrographs and optical images of the
surface of BaM/Ti/Si and BaM/Al,O,/Ti/Si samples
are shown in Fig. 1. The BaM film on Al,O,/Ti/Si
consists of rounded grains; it is rare that hexagonal
faceting can be discerned in crystallites. This mor-
phology, which is typical of the (001) hexaferrite tex-
ture, has been repeatedly observed previously [23, 30].
Gaps between crystallites are well distinguishable. In
the BaM film on Ti/Si, the grains are arranged more
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Fig. 1. Optical images (*20) and AFM images of (a) BaM/Al,05/Ti/Si and (b) BaM/Ti/Si samples.

densely, their faces are more distinct, but the mor-
phology and orientation indicate the absence of tex-
ture.

The BaM/Al,0,/Ti/Si surface is coated by bulges,
which negatively affects the usefulness of films.
BaM/Ti/Si films have no such surface defects, but
contrasting areas stand out from the general view. Due
to their round shapes and commensurateness to the
defects observable on Fig. 1a, we may assume that
these areas are a kind of swelling nuclei.

The XRD patterns of BaM/Ti/Si and
BaM/Al,05/Ti/Si are shown in Fig. 2, and the indexes
of planes corresponding to the identified reflections
appear in Table 1.

The XRD pattern of the BaM/Al,O,/Ti/Si sample
features strong (001) peaks of barium hexaferrite, in
match with the AFM results. In addition, a rather
strong (012) reflection is observed; apparently it is not
associated with the inclusions of unoriented grains, for
if this were so, the XRD pattern most likely would have
featured (107), (114), and other strongest reflections
[35]. The (012) reflection might arise from the part of
the phase located in the blistering areas, where it is
obviously impossible to maintain the same orientation
as and in the defect-free areas of the film. Apart from
the HF peaks, the XRD pattern features peaks due to
titanium and titanium dioxide (rutile).

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 66

In the XRD pattern of the BaM/Ti/Si films, HF
reflections were not found. As for BaM/Al,0;/Ti/Si,
the (002) titanium peak and fewer TiO, reflections
were observed here. Two additional peaks appeared in
the 20 range between 20° and 30°; they were assigned

Table 1. Assignment of XRD reflections in BaM/Ti/Si and
BaM/Al,05/Ti/Si samples

Phase Peak position, deg (hkl)

BaFe ;019 19.07 (012)
23.33 (006)

31.35 (008)

BaFe,0, 24.98 (022)
28.12 (420)

28.12 412)

Ti 38.41 (002)
62.94 (110)

TiO, (rutile) 27.48 (110)
36.20 (101)

39.41 (200)

56.24 (220)

62.94 (002)

Si 69.53 (004)
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Fig. 2. X-ray diffraction patterns of (a) BaM/Al,05/Ti/Si and (b) BaM/Ti/Si samples.

to barium monoferrite BaFe,O,. It is obvious that the
full formation of hexagonal barium ferrite did not
occur; the only possible explanation to this is chemical
interaction between the BaM film and the underlying
layers. The formation of foreign phases in the
BaM/Ti/Si sample explains its unusual surface mor-
phology.

Thus, we may assume that Al,O5/Ti/Si and Ti/Si
structures are inapplicable for growing anisotropic
hexaferrite films.

Nevertheless, understanding of stress formation
processes in the prepared samples can help to reduce
them through the implementation of certain techno-
logical operations. The greatest contribution to these
processes is made by heat treatment, which changes
the film volume. However, this change cannot be
reduced to mere thermal expansion and the mismatch
between the temperature coefficients of linear expan-
sion (TCLEs). First, the HF crystallizes from the
amorphous phase, as a result of which the atoms are
ordered and, accordingly, the density (and volume) of
the material changes. Secondly, when heated to
900°C, the Ti layer undergoes various phase transfor-
mations, either reversible (o <> P transition), or irre-
versible (oxygen diffusion and oxidation, crystalliza-
tion of TiO, into anatase and rutile [36]). These pro-
cesses induce stresses in the films and contribute to the
formation of bulges. The pre-annealing of titanium
films, which was carried out in the second phase of our
study, can help to separate the time windows for phase
transformation in BaM and TiO,, to weaken their
effects on the whole structure. It is assumed that tita-
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nium would be completely/partly oxidized upon heat
treatment under air (900°C, 3 h), which would neu-
tralize/reduce the contribution from o-Ti <> B-Ti
transformation. The anatase—rutile irreversible transi-
tion would end by this moment, and so would not
cause an effect during the annealing. In addition,
rutile and titanium have appreciably differing TCLEs
[37, 38]. It follows that the stresses associated with the
TCLE mismatch will appear in the TiO,/Ti system
upon cooling. The one who intends to assess the effect
of these stresses on the state of the whole composite
should be aware of the thickness of the oxidized tita-
nium layer. From this point of view, it is obviously
much easier to work with a single-phase TiO, layer. In
view of the above, it looks quite reasonable to oxidize
titanium. One sample was manufactured on oxidized
silicon in order to provide an additional source of oxy-
gen for TiO, formation. There are no prerequisites for
the growth of anisotropic HF because of the polycrys-
talline state of TiO,. Therefore, manufacturing of
samples like BaM/(TiO, + Ti)/Si(or SiO,/Si) made
no sense in the context of this work; an amorphous
Al,O; layer was used in all cases.

At the second stage of our study, additional atten-
tion was paid to the relief of the barrier layers (Fig. 3).
We should mention the Al,O; structure where
rounded grains are morphologically close to (00I)
BaM crystallites (Fig. 1 and the results from [30]).
These data cast doubt on the amorphism of the Al,O4
coating; however, there are grounds to suggest that
appreciable crystal ordering is yet not intrinsic to this
phase. First, evidence comes from XRD patterns:
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Fig. 3. AFM images of (a) TiO,, (b) Al;O3, and (c) Al,Oj films on TiO,.

Al,O; peaks are unobserved, while the HF with a sim-
ilar structure is unequivocally detected in the XRD
pattern (both in this study and in [30]). Second, a sim-
ilar globular structure of amorphous films was previ-
ously observed in other materials: in silicon oxide [39]
and hematite [40].

Optical microscopy of the HF films manufactured
at the second part of the study showed the absence of
bulges or signs of their nucleation (Fig. 4), indicating
the adequacy of the approach used. The results of
AFM are mostly in line with expectations: HF grains
have a rounded shape typical of (001) texture. The SiO,
layer does not have a significant effect on the BaM
microstructure. Unusual large structures unobserv-
able hitherto were found. Most likely, these inhomo-
geneities are associated with large protruding TiO,
crystallites (Fig. 3a). It can be seen that the Al,O; layer
only partially smoothens the surface, “dulling” the
TiO, grain faces (Fig. 3c). Probably, the HF film in a
similar manner inherits the relief features of the lower
layers.

Figure 5 shows the XRD patterns of the prepared
samples, with peak assignment given in Table 2. Of the
compounds of the Ba—Fe—O system, only the (001)
reflections of barium hexaferrite are observed; this is
the most significant fact in the context of this work.
The (002) titanium peak does not appear, nor any of its
other reflections; this signifies that the Ti film is com-
pletely oxidized. Many of the remaining reflections
are not identifiable unambiguously. However, there is

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 66

Table 2. Assignment of XRD  patterns in
BaM/AlL,0,/TiO,/SiO,/Si and BaM/Al,O5/TiO,/Si samples

Phase Peak position, deg (hkl)

BaFe ;0 23.37 (006)
31.33 (008)

39.53 (0010)

TiO, (rutile) 36.3 (101)
54.65 (211)

56.43 (220)

76.42 (202)

82.52 (321)

TiO, (brookite) 33.12 (020)
54.65 (131)

55.53 (421)

56.43 (412)

61.78 (502)

65.97 (611)

76.42 (432)

82.52 (630)

SiO, (quartz) 56.43 (210)
66.58 (212)

76.42 (220)

82.52 (311)

TiALOs 33.76 (023)
47.84 043)

54.65 (220)

61.78 (135)

65.97 (241)

76.42 (711)

82.52 (810)

Si 69.53 (004)
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Fig. 4. Optical images (*20) and AFM images of (a) BaM/Al,05/TiO,/Si0,/Si and (b) BaM/Al,05/TiO,/Si samples.

a high degree of probability that these peaks reflect the
presence of Ti, Al, and Si oxides, which makes their
detailed identification a matter of secondary impor-
tance. Of particular interest is the identity of XRD pat-
terns of BaM/Al,0,/TiO,/Si and
BaM/Al,0,/TiO,/Si0,/Si samples (except for the dif-
fering backgrounds). Multiple reflections due to SiO,
crystal inclusions were observed on the XRD patterns
of (111) silicon oxidized at 1050°C [41]. Since in the
work presented here silicon was oxidized at a higher
temperature, SiO, reflections were also expected to
appear. However, no peaks were observed in the posi-
tions directly identical to those observed in [41]. Some
reflections may still be assigned to SiO,, and the
inconsistency of their positions with the previous
observations [41] can arise from the different orienta-
tion of the silicon substrate used and, as a conse-
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quence, an alternative set of reflections of silicon
oxide. Given this and the identity of XRD patterns of
the samples, we may say that crystalline SiO, is pres-
ent in BaM/Al,0,/TiO,/Si, too. Silicon appears to be
oxidized by the oxygen diffusing from TiO,. For this
process to occur, titanium oxide should be in contact
with silicon, which is in good agreement with XRD
data: At the first stage of the study, a coating of pure Ti
is preserved and inhibits the access of oxygen to the
substrate, due to which SiO, peaks are unobserved; at
the second stage, the Ti completely converts to TiO,,
and silicon oxidation in the described route is possible.
One more specific feature of the XRD patterns of pre-
pared samples is that most TiO, is brookite. As a rule,
brookite is considered less stable than rutile [42]. Like
the anatase-to-rutile transformation, the brookite-to-
rutile transformation is irreversible. Nevertheless, this
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Fig. 5. X-ray diffraction patterns of (a) BaM/Al,03/TiO,/SiO,/Si and (b) BaM/Al,03/TiO,/Si samples.

phase transition proceeds gradually and takes hours
even at 900°C [43, 44]; from this, it is clear why the
transformation in these samples did not go to comple-
tion. Nevertheless, it is unclear why this polymorph
was formed in the films of the second stage and was
absent at the first stage. As a rough approximation,
this can be attributed to the titanium oxidation condi-
tions. Mangum et al. [45] showed that what poly-
morph is formed in TiO, films depends on oxygen
access, which is obviously different during annealing
of Ti/Si and BaM/Al,O,/Ti/Si. It seems that alumi-
num titanate TiAl,Os is also present in the films; it can
in principle form at 900°C [46]. Apparently, titanate
was not observed at the first stage of the study; its for-
mation requires a larger amount of TiO, or depends on
its polymorph. At any rate, the particular phases
formed in the AlI—Ti—O system are beyond the scope
of'this study, since it focuses on hexaferrite films. Nev-
ertheless, since the interaction of BaFe,O,y with
TiAl,O5 has not been studied, the depletion of the
Al,O; layer due to its reaction with TiO, raises some
doubts about the suitability of such coatings for grow-
ing hexaferrite. On the other hand, aluminum titanate
is known for its low thermal expansion and high tem-
perature resistance [47], and these properties could
give an additional reduction in stress.

CONCLUSIONS

Textured barium hexaferrite films have been grown
on Al,O,;/TiO,(Ti)/Si substrates. The TiO, (Ti) layer
in this structure performs as a silicon diffusion barrier,

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 66

and Al,O;, being an amorphous surface, contributes to
the spontaneous formation of the hexaferrite texture.
Hexaferrite formation when BaFe,O,y and TiO,/Ti
are in a direct contact is not confirmed by X-ray pow-
der diffraction. When Al,O,/TiO,/Ti is used, phase
transformations in titanium and titanium dioxide
induce a change in film volume upon annealing, and
strong stresses are induced to generate macroscopic
defects. This problem has been eliminated by pre-oxi-
dation of titanium films, but a TiAl,Os phase was
detected in BaM/Al,O;/TiO, samples; so, the interac-
tion of this phase with the hexaferrite needs to be stud-
ied. Despite this, BaFe,O0,4 films on Al,0;/TiO,/Si
have high degrees of texture as probed by XRD and
AFM. Therefore, they have a potential for use, with a
greater hexaferrite layer thickness, in planar micro-
wave devices for the millimeter wavelength range and
terahertz spectroscopy.
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