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Synthesis of textured barium hexaferrite films on silicon substrates

with amorphous Al,O;|Si;N4 coating
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BaFe;O19 thin films were synthesized by ion-beam sputtering on amorphous AlOj3|SizNs structures.
Immediately after sputtering, the BaFe;;O19 films are amorphous, but can be converted to a crystalline state
by annealing. In this case, under certain conditions, a (00l) texture spontaneously forms in such films, which
allows them to be used for designing and creating planar microwave devices, spintronics and magnetic memory
devices. However, due to heat treatment, mechanical stresses arise in the BaFe;,019|Al,O3|Si3sNy structure, leading
to the formation of macroscopic defects. In this work, we study the possibility of reducing stresses by additional
annealing of the Al,Os and Si3Ny4 layers at 900°C and varying the Al,O; thickness in order to obtain defect-free

BaFenOlg (00' ) films.

Keywords: Hexagonal ferrite, Thin films, Surface morphology, Ion-beam deposition, Crystallographic texture.

DOI: 10.61011/PSS.2024.11.60094.290

1. Introduction

M-type barium hexaferrite (BaM) is a complex oxide
with the stoichiometric formula BaFe{,0O;9 or BaO - 6Fe, O3
and a structure isomorphic to the magnetoplumbite of the
space group P63/mmc [1]. This material has been widely
used in various fields of technology since 1952, when
the Dutch company Philips introduced it into production
under the name ferroxdure [2]. The wide practical
application of BaM is attributable to the unique set of
properties and characteristics of this compound: anisotropy
field Haq & 16 kOe [3,4], coercive force He = 920—4600 Oe,
saturation magnetization Mg = 4.4kG [5,6], ferromagnetic
resonance line frequency and width fpvr =~ 40—60 GHz
and AH ~ 130—210 Oe, respectively [7], Curie temperature
~ 497°C [8]. Studies of this material remains relevant at
the present time despite the long history of the use of
barium hexaferrite. Thus, the trend towards miniaturization
of devices observed in electronics has not pass by BaM.
Anisotropic BaM films can be the basis for creating planar
microwave devices [9]: circulators [10], insulators [11] and
phase shifters [12]. One of the main requirements for such
films is the presence of strong magnetic anisotropy, which is
more pronounced the higher the degree of crystallographic
texture of the hexaferrite.

The following methods are usually used to produce
hexaferrite films: liquid-phase epitaxy [13], vacuum sput-
tering [5,14,15], screen printing [16,17] and the sol-gel
method [18,19]. The main advantage of liquid-phase

epitaxy is the possibility of obtaining single-crystal films
of BaM [13], however, the use of platinum accessories
(crucible, agitator, substrate holder) and high-quality single-
crystal substrates significantly increases the final cost of
the material. These obstacles slow down both the entry
of devices to the market and studies. On the other hand,
films obtained by more accessible synthesis methods, such
as the sol-gel method [18,19] or chemical deposition from
solution [20], are characterized by a low degree of texture
and, as a result, weak magnetic anisotropy compared to
films obtained by other methods. Films obtained by vacuum
methods have an acceptable price—quality ratio and can
be used as a seed layer in liquid-phase epitaxy [21]. On
the other hand, the production of textured BaM films
is a challenging task because of the material’s significant
sensitivity to the parameters of the process [22].

The choice of substrate plays an important role in the
synthesis of anisotropic films regardless of the production
technology used. Monocrystalline sapphire plates are most
widely used, ensuring the growth of c-oriented ferrite
films because of the similarity of the oxygen planes of
ALO3 (001) and BaM (001) [23]. Pt(111)|SiO;|Si configu-
ration is also often used for the synthesis of hexaferrite films
because of the compatibility of dense packages of Pt(111)
and BaM (001). This structure is more accessible and
easier to manufacture than sapphire due to the spontaneous
textured growth of platinum on amorphous substrates [24],
which is attributable to the lowest energy of nuclei with
orientation (111) in FCC-metals [25]. Spontaneous texturing
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is also typical for materials with HCP, so that barium
hexaferrite films with texture (00l) can be grown on
amorphous substrates [26,27]. However, the widely used
amorphous silicon dioxide is apparently not suitable for the
synthesis of high-quality anisotropic BaM films [28]. High-
temperature annealing of hexaferrite is accompanied by the
diffusion of silicon from the substrate [29], which affects
the orientation of the resulting grains [30]. Nevertheless,
the successful growth of textured hexaferrite was demon-
strated on amorphous films of AIO(10nm)|Si3Ny [27]
and AlO(10nm)|SiO; [31]. It was also shown that the
sublayer material affected the characteristics of BaM despite
the contact of BaM with AlO. AlO|Si3N4 structure was
characterized as more advantageous for further deposition
and growth of the anisotropic BaM film, because of the
incomparably high thermal stability of SizN4 compared
to SiO,. Nevertheless, the chemical inertia of the substrate
alone is not sufficient for producing films suitable for
practical use. Silicon wafers with amorphous Al,O3, SizNy4
and combinations thereof were used as substrates in another
study [32]. The hexaferrite film grown on Si3Ny4|Si substrate
was of unsatisfactory quality because of the presence of
macroscopic defects. The mechanical stresses that occur
during the formation of the nitride layer and subsequent
high-temperature treatment led to the formation of blisters,
which is quite often observed in the presence of significant
compressive stresses in films [33]. The thicker the layer of
SizN4, the higher the mechanical stresses, which resulted
in an increase of the average defect radius. An additional
layer of Al,O; made it possible to reduce the stress
and obtain a BaM film without blisters. Silicon nitride,
which has high thermal stability, acts as a diffusion barrier
in the structure of AlyOs3|SizN4|Si, and aluminum oxide
compensates for the stresses occurring in the nitride. In
general, the spontaneous formation of BaM with an c-axis
perpendicular to the plate plane was confirmed, which
demonstrates the promising outlooks of composition of
Al,O5]Si3N4|Si. For this reason it is advisable to conduct
further studies of this material. In particular, the possibility
of stress modulation for obtaining a defect-free film is the
most relevant issue. This paper considers the possibility
of synthesizing BaM (00I)|Al,O3|Si3N4|Si films without
macroscopic defects by reducing stresses by heat treatment
and adjusting the thickness of aluminum oxide.

2. Experimental part

Experimental samples of BaM|Al,03|Si3N4|Si films were
obtained by ion-beam sputtering and plasma chemical
deposition from the gas phase followed by annealing in
an air furnace. First, silicon wafers with orientation (111)
were washed in isopropyl alcohol (80°C, 180s), deionized
water (30s) and dried in atmosphere of N, for 250s
at 70°C. Silicon nitride with a thickness of 100nm was
deposited on a Si substrate by plasma chemical deposition
using Corial D250 system. The substrate deposition
temperature, operating pressure, and RF generator power
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were 250°C, 2000 mTorr, and 90 W, respectively. A mixture
of SiH4, NH4, N, and Ar with a flow rate of 50, 180, 1500
and 100 cm?/min, respectively, was used as the working
atmosphere. BaM and Al,O;3 films were deposited by
ion-beam sputtering using the UVN-71 system. Si|SizNy4
substrates were additionally cleaned in an ultrasonic bath
with isopropyl alcohol before deposition. The substrate
holder was positioned opposite the target at a distance
of 36 mm. The discharge current, discharge voltage, and
operating pressure(Ar) during the process were maintained
at 40mA, 2kW, and 3 - 10~ Torr, respectively. The temper-
ature of the substrates during deposition was 300—330°C.
The samples were produced in 4 routes, which are shown
in Figure 1. Each route contains three samples with
different thicknesses of Al,O3 (50, 100 and 200nm). The
thickness of BaM is about 90nm in all cases. Route
IV also included a BaM deposition stage, but the ex-
periment was interrupted, which will be explained in the
next section.

The obtained films were studied by several methods,
X-ray diffraction (XRD), atomic force microscopy (AFM),
and contact profilometry. X-ray diffraction patterns were
obtained in the Centre of Shared Equipment of IGIC RAS
using Bruker D8 Advance diffractometer (radiation CuK,,
A =0.154nm, U =40kV, | =40mA). Match!3 software
environment was used to process diffraction patterns.
Atomic force microscopy micrographs and optical images of
the surface were obtained using NT-MDT NTEGRA Prima
scanning probe microscope. The thickness of the films was
checked using DekTak 150 contact profilometer with an
error of no more than 5.6%.

3. Results and discussion

It is advisable to start with the systematization of samples
for the convenience of the description. A specific code was
assigned to each sample. For example, one of the samples is
named ,,A—N—50“, where the first letter indicates the heat
treatment of Si3Ny layer, ,,A“ — ,annealed; the second
letter indicates the heat treatment of Al,O; film, ,N“ —
,hot annealed”; and the number indicates the thickness of
aluminum oxide, expressed in nanometers.

First, the surface of aluminum oxide was analyzed on
all samples using optical microscopy. Typical macrodefects
caused by stresses in films were found only in samples with
type A—A (Figure 2). The evolution of defects with the
increase of thickness of Al,O3; can be seen in these films,
starting from relatively small dots (Figure 2, @) turning into a
network of cracks (Figure 2, ¢). Cracks are usually observed
in films with tensile stress, unlike round blisters caused by
strong compressive stress [34]. The observation of cracks
in this context (Figure 2, ¢ and d) confirms that Al,O; film
is under tensile stress (at least after reaching an alumina
thickness of 200 nm). Moreover, this stress is significantly
enhanced or even induced by annealing, since samples of
type A—N and N—N had no visible defects in Al,O3 layer.
Also, no large defects were found in N—A films. This
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Figure 1. Schemes for the production of experimental samples.

FilmAI,O5 200 nm

Al,05 <200 nm,

Substrate
(area under the mask) mask shadow area

Figure 2. Photographs of the surface of annealed films of Al,O3
with thickness @) 50 nm, ») 100nm and ¢) 200 nm deposited on
annealed Si3N4 (series of samples A—A); d) image of the area
near the edge of the film, additionally illustrating the dependence
of stresses on the thickness of Al,Os.

can be interpreted as the annealing of Si3;N4 reduces the
compressive stresses in this layer. Thus, the absence of
defects in A—N, N—A and N—N series is attributable to
compensation of tensile stresses in aluminum oxide and
compressive stresses in silicon nitride. Defects appear in the
structure when the balance is significantly disrupted, as in
samples A—A, where the compressive stresses in SizNy are
reduced, and on the contrary, the tensile stresses in Al,O3
are increased due to annealing.

An experiment was also conducted to deposit BaM onto
the annealed silicon nitride without an intermediate layer of
Al,O; taking into account the stress reduction in SizNy4 due
to temperature treatment. Many blisters were found on the
film surface after its annealing (Figure 3, a).

Since Al,O3 coating is defective in samples of type A—A,
then further sputtering of BaM is impractical, and no
subsequent experiments have been conducted for this series.
Most of the other samples were defective after BaM anneal-
ing, except for the cases of A—N—200 and N—N-200.
Considering this result, as well as the analysis of the
BaM|Si3Ny film (annealed), it can be assumed that the
intrinsic compressive stresses in BaM, caused by a decrease
of the volume of the film during its crystallization from the
amorphous state, contribute to the formation of blisters in
the structure of BaM|Al,Os3|SizN4. Thus, the thicker the
aluminum oxide film and the greater the tensile stresses
caused by it, the fewer blisters will be observed until
a stress equilibrium is reached and the defects disappear
altogether. Nevertheless, annealing of Si3N4 leads to a
slight decrease of the concentration of blisters, as can
be seen from samples with the same thickness of Al,O3
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Figure 3. Photographs of annealed BaM films on a) annealed Si3Na, b) ALOs3|SisNs: N—A—200, ¢) N—N—100, d) A—N—100.
Magnification x20.

Figure 4. AFM micrographs of samples BaM|ALOs[SisN4: @) N—N—100, 5) N—N—200, ¢) N—A—50, d) N—A—200, ¢) A—N—50.
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Figure 5. Xray diffraction patterns of A—N—50, N—N—100
and A—N—-200 films. The diffraction pattern was recorded after
thickening of BaM by deposition of additional layers for the sample
of A—N—-200. Hexaferrite peaks were identified using the card
COD Ne 1008328.

(Figure 3,c and d). A further increase of tensile stresses,
either due to thickening or annealing of Al,O3, should
initiate a change of the type of defects from blisters to
cracks. This effect was observed in N—A—200 films,

in which the BaM film is covered with cracks rather
than blisters, as in the other samples (Figure 3,b). The
maximum tensile stresses possible under the conditions
of this experiment occur in BaM|Al,O3|Si3Ny structure
during the synthesis of N—A—200 which is attributable to
annealing and the largest thickness of Al,Os.

The synthesized hexaferrite films also differ markedly
in microstructure. Nevertheless, the films obtained
mainly consist of rounded grains characteristic of the
texture (001) BaM. The crystallites have slightly oval shape,
low relief heterogeneity and are densely packed in samples
of N—N-50, N—N—-100 and A—N-200 (Figure 4,a).
Sample of N—N—200 is characterized by the presence of
separate clusters of grains on the surface, which leads to
increased roughness (Figure 4,5). A similar microstructure
with a more sparse arrangement of grains on the sur-
face is observed in samples of N—A—50 and N—A—100
(Figure 4,c¢). Inclusions of needle-like grains were ob-
served in A—N—100 films, which negatively affects the
degree of texture and, consequently, magnetic anisotropy.
Large irregular protruding structures are observed on the
surface of samples of N—A—200 and A—N—-50 in ad-
dition to rounded grains. Similar structures are known
by the term ,hillocks® and are formed in thin films as
a product of stress relaxation. A similar microstruc-

ture was previously observed in BaM(001)|Al,03(102)
films, where these elements provided stress relaxation of
the nonconformity between the film and substrate struc-
tures [35].

Figure 6. AFM micrographs of A—N—200 film after deposition and annealing additional layers of BaM: a) the first (initial) layer, b) the
second layer, c) the third layer. d) Optical photograph of the surface of the third layer, x 20 magnification.
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Despite the differences of the microstructure of the films,
their X-ray diffraction patterns are conceptually the same
and reflect the presence of hexaferrite with a texture (00I)
(for example, samples of N—N—100 and A—N-50 (Fi-
gure 5).

The highest quality A—N—200 film with a defect-free
surface and homogeneous microstructure was used in fur-
ther experiments to determine the possibility of synthesizing
thicker BaM films on the structure Al;O3|Si3sN4. The
procedure of sequential deposition of additional layers of
barium hexaferrite followed by annealing was applied for
this purpose [36]. The thickness of each new layer was
about 100 nm, and the annealing temperature was 900°C.
This approach is attributable to the fact that the known
methods of increasing the thickness are less reliable in terms
of maintaining a high degree of texture (00l). Thus, a simple
increase of the deposition time will lead to a thickening of
the initial amorphous BaM film, but non-oriented crystallites
will form in it after crystallization annealing [37].

The evolution of the microstructure of the BaM film in
sample A—N—200 with an increasing number of deposition-
annealing iterations is shown in Figure 6. It can be
seen that the round shape of the grains and, as a result,
their orientation did not change with the film growth.
However, the initial uniformity of grain sizes was lost
(Figure 6). There are structures, similar to hillocks in
samples N—A—200, A—N—50 and in films in [35], which
can be considered as a sign of an increase of stresses
in the structure. Defects characteristic of samples with
uncompensated compressive stresses also occur on the
surface of the film.

At the same time the predominant orientation of hex-
aferrite (00l) remains after increasing the film thickness
according to X-ray diffraction patterns (Figure 5). However,
some additional peaks appear at 19, 20.5, and 25.5°, which
can be interpreted as follows. Firstly, the grains that make
up the blisters observed on the surface should definitely
have an orientation different from the ,intact“ part of the
film. The peak at 19° can be attributed to this grain fraction,
since it corresponds to the position of the barium hexaferrite
reflex (012), and also correlates in shape with other BaM
peaks. Secondly, local destruction of the hexaferrite film
(for example, in case of rupture of a blister) can lead to
exposure of the surface of the Si substrate. In this case,
silicon will oxidize upon contact with the atmosphere during
the thermal treatment of the sample. Thus, the narrow
reflexes at 20.5 and 25.5° can be attributed to silicon oxide
formed under synthesis conditions as a side phase. This
interpretation is supported by diffraction patterns obtained
earlier on silicon substrates oxidized at 900°C, on which
these reflections were also recorded [38].

4. Conclusion
Thin films of textured barium hexaferrite were pro-

duced by ion-beam sputtering on the amorphous structure
AlyO3]Si3Ny|Si(111). The effect of pre-annealing of layers

Physics of the Solid State, 2024, Vol. 66, No. 11

of Al,O3 and SizN4 and the thickness of Al,O3 on the
defect and the microstructure of barium hexaferrite films
was studied. It can be concluded according to the study
of the film surface that heat treatment leads to an increase
of tensile stresses in Al;O3; and a decrease of compressive
stresses in SizN4. In this case, compressive stresses occur
directly in the BaM film as a result of crystallization
annealing. It is shown that the stresses can be compensated
by changing the synthesis conditions such as the presence
of thermal treatment of Al,O3 and SizN4 and the thickness
of the layer of Al,O3; and a barium hexaferrite film can
be obtained without macroscopic defects. In addition, the
impact of these factors on the microstructure of BaM has
been demonstrated. In particular, barium hexaferrite films
with morphologically homogeneous nanometer-scale grains
were obtained. At the same time, the obtained BaM
films have a texture of the type (00l) according to the
results of X-ray phase analysis, which makes possible their
practical application in such fields as magnetic memory and
spintronics.
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