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on /a-SiO /Si and /a-Al O /Si Substrates
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We have demonstrated the feasibility of thick BaFe O  ceramic films fabricated on silicon (100) substrates. We obtained large area
(1-in diameter) thick films (100-200 pm) by using a screen printing technique and amorphous SiO or Al O buffer layers. To char-
acterize the microstructural, magnetic, and microwave properties of ferrite films, we employed X-ray diffractometry, scanning electron
microscopy, energy dispersive X-ray spectroscopy, dc magnetometry, and ferromagnetic resonance (FMR). We placed our emphasis on
investigating silicon diffusion in terms of a depth analysis of composition for different buffer layers. We present and discuss FMR mea-
surements for two polycrystalline samples with different buffer layers. We find that a-Al O is superior to a-SiO as a buffer layer in
achieving a tradeoff between magnetic and mechanical properties.

Index Terms—Hexaferrite, microwave, screen printing, silicon.

I. INTRODUCTION

EXAFERRITES have received much interest as materials

in micro/millimeter-wave filters, phase shifters and non-
reciprocal device applications with frequency tuning provided
by external magnetic fields. These devices mostly benefit from
the large uniaxial magnetocrystalline anisotropy fields and high
saturation magnetization of hexagonal ferrites [1], [2]. With
development of innovative microwave integration technology,
today’s ferrite research focuses largely on film development
for planar device development. For many applications in which
matching, high power and coupling demands are important
[3]-[5], ferrites must be processed as thick (> 100 pm) films
and deposited on large area semiconductor substrates, such as
silicon, silicon carbide, etc. [6]-[8]. Such a development may
lead to the long sought integration of ferrite planar microwave
devices with semiconductor integrated circuits.

So far, many researchers have focused on the fabrication of
hexaferrite thin films on semiconductor or insolating substrates,
such as silicon, silicon carbide, silicon nitride, gallium nitride,
sapphire, magnesium oxide, etc. [9]-[13]. Among those, the
vast majority of those studies involved barium ferrite thin films
as magnetic recording media [14], [15]. These films are usually
thin, 30-300 nm, and deposited by a sputtering or laser abla-
tion technique on semiconductor substrates. In comparison to
magnetic record applications, there existed few studies of BaM
thin films on semiconductor substrates for microwave applica-
tions. Preliminary work includes the growth by physical vapor
deposition techniques of BaFe;5,019 (BaM) thin films on MgO,
SiC, SizNy, GaN etc., substrates in which buffer layers, such as
Al503, Cry03, SiO5, Zn0O, TiO, etc., are used to limit the dif-
fusion between the ferrite and the substrate materials [16]-[20].
Obviously, the growth of the nano- or microcrystalline films can
be accomplished directly from physical deposition processes.
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In contrast to these studies, it is more typical that films should
be thick and polycrystalline for microwave device applications.
The growth of thick films requires a secondary grain growth
process, i.e., the initial ferrite fine grains will gradually regrow
at high temperatures to achieve superior mechanical and mag-
netic properties. Therefore, the buffer layer plays a different role
in both the thick film deposition and thin film growth.

In this research, there are two challenging issues we address
in terms of semiconductor substrate integration: a) the need for
hexagonal ferrites to be sintered at temperatures above 1100°C
and b) the diffusion of silicon from the substrate into the BaM
lattice when the temperature is at or above 1000°C and its detri-
mental impact on the microwave properties of the ferrite. This
apparent contradiction indicates need to reach an effective bal-
ance between these two effects. In order to achieve a reason-
able tradeoff, we employ an a-SiO, or a-Al;O3 buffer layers
between the ferrite film and Si substrate. The buffer layer we
hope will prevent excessive diffusion of Si into the ferrite film,
consequently resulting in high crystal quality growth and low
microwave loss. Furthermore, these polycrystalline BaM films
are usually thick, 100-200 xm, and have a large area, 1-in diam-
eter. This paper focuses on preparation process, diffusion mech-
anism, and FMR measurements of screen printing thick films.

Il. EXPERIMENTAL PROCEDURE

The screen printing technique was applied to prepare thick
films of M-type barium ferrite on silicon substrates. The BaM
powders used in the screen printing process were provided by
TransTech Inc., and had an average particle size of 0.6 pm.
X-ray diffraction (XRD) analysis indicated that the starting
powders were of a pure hexagonal BaM phase with space group
P6s/mmc. In the screen printing process, a paste typically
consisting of 25-30 wt% binder (B-75000, Ferro) and 70-75
wit% barium hexaferrite powder, was spread over a stainless
steel stencil onto a silicon substrate with a thickness of 0.5
mm. In order to prevent excessive diffusion of Si into the
ferrite, an amorphous Al,O3 buffer layer (~1 um) or SiOs
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layer (~0.5 pum thick), was grown on top of Si (100) substrate
by a magnetron sputtering process or thermal oxidized process
before BaM films were printed on Si substrates. The stencil
usually had an etched pattern depending on the shape of the
desired sample. A one-inch diameter circle was designed in
the present experiment. The ultimate thickness of the sintered
films was approximately 80 ~90% of the as-printed thickness
(i.e., the stencil thickness). A metallic blade was employed to
maintain a uniform thickness across the stencil area [21], [22].

Since the as-printed films were “wet”, they had to stay 10-30
min at room temperature for leveling, and were dried at low
temperatures (300-400°C). Finally a typical sintering process
contains a 2-stage sintering process that is an essential step in
improving growth of grains and adhesion of the thick film with
silicon substrate. In the first stage, sample was heated to 1100°C
for a soak of 2 h, and then temperature quickly elevated within
10 min to 1150°C for a soak of 10 min. This is primarily re-
sponsible for the growth of ferrite grains, which leads to the
formation of a continuous ferrite film. The second stage, a 10
min annealing at 1150°C, allows for aluminum/silicon ions to
diffuse into the BaM lattice in the vicinity of the interface. Fi-
nally, the samples were cooled down to 100°C within 5 h. In
this paper, we discuss four representative samples, denoted as
S1, S2, S3 and S4. Among those, only sample S3 was heated in
a one-stage sintering process, i.e., 1100°C for a soak time of 2 h,
whereas the others were subject to a typical two-stage sintering
process.

Many designs of microwave devices require a large surface
area of the ferrite films, which is a priority of this work. To this
end, we have studied the processing of BaM/Si samples with a
1 inch diameter circle and adjustable thicknesses from 100 to
200 pm.

The screen printed BaM thick films were characterized in
terms of their microstructural and magnetic properties. Crys-
tallographic information was obtained using a Philips X’pert
PRO x-ray diffractometer using a Cu-K,, radiation source. The
morphology of the films was examined using a Hitachi S-4800
ultra-high resolution scanning electron microscope (SEM). The
chemical composition of the samples was determined by energy
dispersive x-ray spectroscopy (EDXS). Static magnetic proper-
ties were measured using a Quantum Design Physical Property
Measurement System (PPMS). Microwave properties were
characterized by the out-of-plane and in-plane ferromagnetic
resonance (FMR) measurements using a shorted waveguide.
The external magnetic field was swept at a fixed frequency
using a TE;o mode propagation in a Ka-band (26.5-40 GHz)
waveguide. The microwave magnetic field, h,r, was applied
in the plane of the BaM film, which is always normal to an
external field.

I11. RESULTS AND DISCUSSION

A. X-Ray Diffraction (XRD) Spectra

Fig. 1 shows x-ray diffraction patterns of the screen printed
BaM films. Among those, pattern (a) corresponds to the ferrite
film (S1) printed directly onto a silicon substrate, followed by
a typically sintering process that is described above in the ex-
perimental section. It is evident that the primary peaks match
with the tetragonal gillespite phase, BaFeSi, O, having space
group P4/ncc, which is a non-magnetic phase. This arises from
the diffusion of silicon into the BaM ferrite. To reduce the Si
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Fig. 1. X-ray diffraction patterns of screen printed BaFe;»0;, thick films,
(a) on a Si substrate, sample S1 sintered at 1100°C 2 h, 1150°C 10 min,
(b) on a SiO./Si substrate, sample S2 sintered at 1100°C 2 hrs, 1150°C
10 min, (c) on a SiO,/Si substrate, sample S3 sintered at 1100°C 2 h,
and (d) on an Al,O3/Si substrate, sintered at 1100°C 2 hrs, 1150°C 10
min, sample S4. The symbols represent different crystallographic structures:
-BaFeSi, 0, -Al-doped BaFe;20,o [ -Si, ¥ -unknown.

diffusion, we integrate a SiO» or AlyO3 buffer layer between
the silicon substrate and the ferrite film. From Fig. 1, pattern
(b) represents the sample S2 having a 0.6 xm thick SiO4 buffer
layer. The sample S1 and S2 were subject to the same sintering
process. The result indicates that the SiO» layer is ineffective
in preventing diffusion. In general, high sintering temperature
enables grain growth that in turn provides materials with attrac-
tive magnetic properties. However, high sintering temperatures
are responsible for severe interdiffusion depending on the sub-
strate. The tradeoff of magnetic and mechanical properties is an
important consideration in this research.

Pattern (c) stands for sample S3, BaM/SiO,/Si, sintered at
1100°C for 2 h without the second stage. The resulting x-ray
diffraction lines can mostly be indexed to those of the published
pure BaM (ICDD-# 43-0002). This indicates that Si diffusion
has been greatly reduced by the introduction of the SiO5 buffer
layer. However, it is noteworthy that a minor peak at 26 = 21.6°
was not identified with the pattern of any known BaM. The Si
diffusion is obviously not negligible, which will be clarified with
energy dispersive x-ray spectroscopy (EDXS) measurement dis-
cussed below.
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It was verified that the BaM/Al,O5/Si structure enables BaM
ferrite films to retain a pure hexagonal ferrite phase. In Fig. 1,
all diffraction peaks in pattern (d), except the line at 20 =
26.3°, are indexed to the pure magnetoplumbite (BaM) phase
having space group P63/mmc. Note, all diffraction lines for the
BaM/Al,03/Si sample are matched to those of the published
XRD pattern of Al-doped BaFe 5019, ICDD-#84-1785. It is
confirmed that the single extra line, appearing near 26 = 26.3°,
represents the (104) plane of the BaFe,»_x Al O19 ferrite. Due
to Al ion substitution for Fe ions, the Al-doped BaM ferrite still
retains the hexagonal structure with « = b = 5.8685 A and
¢ = 23.0667 A. These lattice parameters are somewhat reduced,
in contrast to those of pure BaM ferrite, o = b = 5.8920 A and
¢ = 23.1830 A, (published pattern: ICDD-#43-0002). EDXS
analysis indicates a 0.56 Al atom/mol in sample S4. Therefore,
it is quite reasonable that the reduction in lattice parameters is
attributed to the smaller ionic radius of Al (r = 0.535 A) substi-
tuting for Fe ions (r = 0.645 A). On the other hand, good me-
chanical adhesion of the film to the substrate often relies upon
interfacial diffusion; such is the case in the present work. Of
course, sintering conditions allow us flexibility in achieving op-
timum properties depending upon the degree of diffusion and
substitution.

B. Scanning Electron Microscope (SEM) Analyses

Fig. 2 presents SEM images of the surface morphology for a
BaM film directly deposited on a Si(100) substrate, i.e., sample
S1. It clearly indicates that a significant diffusion occurs when
this sample was subject to a typical sintering process, i.e., it
was first heated to 1100°C for 2 h and then quickly raised to
1150°C for 10 min. Note, that majority of the observed BaM fer-
rite platelets have been melted into the silicon substrate, whereas
remnants of large grains (> 5 pm) are still visible. EDXS anal-
ysis indicates that in Fig. 2 the mostly matrix-like area contains
Ba, Fe and Si, other than the expected silicon. Actually, this is a
process in which silicon is predominately diffusing into the BaM
ferrite. In this case, the original BaM structure has been mostly
converted to a tetragonal gillespite phase (BaFeSi4O1p), which
was verified with XRD measurements. Magnetometry measure-
ments indicate that a small fraction of the structure remains
weakly ferromagnetic (47Ms; < 100 G). At the same time,
our experiments indicate that a final sintering below 1000°C
leads to little interfacial diffusion. However, it may be unrea-
sonable to expect that the ideal grain growth can be accom-
plished when sintering temperatures are below 1000°C. More
importantly, low temperature sintering (< 1000°C) is ineffec-
tive in establishing strong adhesion of the films to the silicon
substrates. Since good adhesion of BaM film to Si substrate is
a necessity, we must find a solution to this challenge. However,
use of the SiO, or Al,O3 layer grown on Si substrate as a tem-
plate for growth of BaM is one possible solution.

Fig. 3 shows an SEM micrograph of the cross section of a
BaM ferrite thick film printed on a SiO»/Si substrate. The cross
sectional image is depicted in Fig. 3(a). The amorphous SiO,
layer is measured to be ~0.6 pm in thickness. After the sample
S2 is sintered in a typical process, we notice that a resulting mi-
crostructure is quite similar to the BaM/Si sample, as depicted
in Fig. 3(b). The result is basically in agreement with the XRD
spectra, pattern (a) and (b), in Fig. 1. It appears that the SiO-
buffer layer is ineffective in eliminating the Si diffusion, which
is in contrast to results previously reported for ferrite thin films
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Fig. 2. SEM surface morphology of BaM/Si sample S1 sintered at 1100°C
2 h, 1150°C 10 min.

Fig. 3. Scanning electron microscopy morphology of BaM/SiO,/Si sample
S2 sintered at 1100°C 2 h, and then 1150°C 10 min, (a) cross section of
SiO,/Si substrate, and (b) cross section of BaM/SiO-/Si structure.

grown on SiO-/Si substrates [23], [24]. We believe this is a con-
sequence of the different growth mechanism occurring in thick
film sintering versus that of thin film deposition.

Further effort is needed to discover optimal sintering condi-
tions for samples grown on SiO4/Si substrates. The experiments
demonstrate that films peel off the substrate when a sintering
temperature is below 1100°C. Fig. 4 shows an SEM image of
a cross section for the BaM/SiO,/Si sample S3 that was heated
by a modified sintering process, in which only a one stage
sintering was carried out at 1100°C for 2 h. The left panel in
Fig. 4 indicates a film thickness of 135 pm, while the right
panel clearly unveils important information with regards to
microstructure and diffusion. At a glance, it is noticed that a
ferrite layer (~10 pm thick), consisting of coarse grains, ap-
pears at the bottom portion of the BaM ferrite film. The coarse
grains range in size from 5-10 ym. The grain size gradually
reduces and then approaches an average size when the grains
are 10 m away from the SiO-/Si interface. This allows one to
observe how Si atoms diffuse into the BaM ferrite.

To quantitatively distinguish the degree of Si diffusion at dif-
ferent positions for sample S3, energy dispersive x-ray spec-
troscopy (EDXS) was also used to determine the composition at
different depths. Composition was determined at eight different
depths, as illustrated in the right panel of Fig. 4. The EDXS re-
sults are listed in Table I. A noticeable gradient of the amount of
Si is observed along the vertical direction normal to the sample
plane. In the first 10 microns from the interface, Layer 1, a large
amount of Si enters the ferrite layer (Ba:Fe:Si=1:10.47:2.23).
At the same time, this diffusion leads clearly to a deviation from
the ideal ratio of, Ba:Fe=1:12. However, it is surprising that
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