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Abstract

In this paper, we present the results obtained on thick layers (� 12 mm) of barium ferrite. Those are prepared by electron beam
evaporation, under oxygen and at a substrate temperature of 700�C. We then looked at the influence of the deposition rate and post
deposition annealing on the magnetic, crystallographic and morphologic properties of the layers. Before annealing the layers are
crystallized according to the phase of the bulk ferrite and present good magnetic properties. Moreover starting from one certain

deposition rate (Vd � 10 mm/h) the annealing modifies the composition of the layers and increases the value of the coercive field.
# 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Electron microscopy; Ferrites; Films; Magnetic properties; X-ray methods

1. Introduction

To reduce the size and the cost of microwave circula-
tors, it would be necessary to use one permanent mag-
net deposited in thick films, avoiding the need for an
external magnet.1 Moreover, films may provide
enhanced compatibility with planar circuit designs such
as monolithic microwave integrated circuits (MMIC).2

Barium hexaferrite (BaFe12O19) is well adapted because
of its strong coercive field (Hc) and its high saturation
magnetization 4�Msð Þ. The ferrite deposits are carried
out by electron beam evaporation because we must
deposit 100 mm to reduce insertion losses in the circulator
circuit.3 The films are realized on various underlayers (�
1 mm): gold, gold on titanium, copper and copper on
titanium. These metallic layers are used as the ground
plane in the circulator circuit and have been grown by dc
cathodic magnetron sputtering on silicon (100) sub-
strates. The metallic layers increase adhesion and mini-
mize the cracks on the film surface.
The effects of the deposition rate and post deposition

annealing on crystallographic structure, magnetic pro-
perties, morphology and stoichiometric ratio of the fer-
rite have been investigated.

2. Experimental procedure

Before each deposit we prepared a new ingot having a
Fe/Ba ratio closed to 11.5. Prior to the deposition, the
substrates (underlayers on silicon substrate) are cleaned
by Ar+ bombardment using an RF generator in the
following conditions: argon pressure: 0.33 Pa, RF inci-
dent power: 200 W, cleaning time: 5 min.
Then the ferrite (BaFe12O19) is evaporated under 100%

oxygen atmosphere. The total deposition pressure is
kept constant and equal to 0.46 Pa using oxygen pres-
sure regulation. The substrate temperature is 700�C and
the thickness of all the films, determined with a profil-
ometer, is equal to 12 mm. All the films are post-annealed
at the following conditions: annealing temperature:
850�C, oxygen pressure: 5.104 Pa, annealing time: 2 h,
rise rate: 10�C/min.
During this study, the deposition rate has varied

between 6 and 37 mm/h and the others deposition para-
meters have been kept constant.
Then the films obtained are characterized. The crys-

tallographic structure is analyzed by XRD with a SIE-
MENS generator equipped with a goniometer. The
saturation magnetization 4�Msð Þ and coercive field (Hc)
are measured using an hysteresismeter M2100 with alter-
native magnetic field (50 Hz) applied in the film plane.We
use a scanning electron microscope (SEM) equipped with
an energy dispersive X-ray (EDX) analysis system, to
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characterize morphology and to determine stoichio-
metric ratio. The EDX analysis are realized on different
parts of the films surface to make sure that they are
homogeneous.

3. Experimental results

3.1. Structural properties

The structural analysis is made during 1 h 30 min. We
observed that at a substrate (underlayers on silicon
substrate) temperature of 700�C, the not-annealed lay-
ers are crystallized mainly according to the phase of the
bulk ferrite for all the deposition rates (Fig. 1). The
results show that the films present a preferential orien-
tation in the plane (h,k,0). The most important peaks
corresponding to under-layer titanium gold are also visi-
ble on the spectra of X-rays diffraction. According to the
figure, it is not possible to deduce an unspecified influence
of the deposition rate on the crystallization of the layers.
After the phase of annealing at high temperature (850�C),

new peaks corresponding to bulk ferrite appear in
addition to those which were already present before
annealing (Fig. 2). Moreover it would seem that those
peaks appear only starting from one certain deposition
rate. This rate is ranging between 17 and 30 mm/h. We
can conclude that after annealing when the deposition
rate is higher than 30 mm/h, the crystallization of the
films is better than before annealing.

4. EDX analysis

As Fig. 3 indicates, before annealing, the Fe/Ba ratio
on the layers increases when the deposition rate increa-
ses. Indeed, this ratio varies between 7.4 (�0.5) and 14.2
for rates going from 6 to 37 mm/h. We found the compo-
sition of bulk material (11.5) for a deposition rate closed
to 30 mm/h. For lower deposition rates, there is a barium
excess which tends to increase when the rate decreases.
Moreover, we note that annealing does not modify the Fe/
Ba ratio at the low deposition rates (<11 mm/h). At the
more significant rates, we observe a difference between

Fig. 1. XRD patterns of films prepared at different deposition rates on titanium-gold underlayers before annealing.

Fig. 2. XRD patterns of annealed films prepared at different deposition rates on titanium-gold underlayers.
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the values of Fe/Ba measured before and after annea-
ling. This variation tends to increase when the deposi-
tion rate increases. The values of the Fe/Ba ratio thus
vary between 7.5 and 31.2 on the annealed samples. To
explain this phenomenon, we have studied the evolution
of the Fe/Ba ratio against the depth of analysis before
and after annealing for deposits realized at 10.71, 30.39
and 37.1 mm/h. The depth on which we realized this
analysis varied between 0.65 and 4.6 mm. The results are
plotted in Fig. 4. Starting from a depth of analysis equal
to 1.5 mm, the results obtained show that, before
annealing, the composition of the layers is the same for
all the depths of analysis. Indeed, the Fe/Ba ratio is

constant. It is the same thing after annealing when the
deposition rate is lower than 10 mm/h. At more impor-
tant rates, we have observed an increase of the barium
quantity when the depth of analysis increases. In con-
clusion, the increase in the Fe/Ba ratio after annealing is
probably due to the diffusion of barium in the layers
during the phase of annealing.

5. SEM characteristics

We can see that the layers are adherent and present
few cracks (Fig. 5). After annealing, the deposits are
always adherent but have a more cracked surface. For
rates lower than 11 mm/h the grains present a length-
ened form before and after annealing. The length of
these grains varies between 1 and 3 mm (Fig. 6). For
higher deposition rates, the layers present grains whose
dimensions vary between 500 nm and 2 mm. At this
rates, the pictures of samples annealed gave the results

Fig. 3. Variation in Fe/Ba ratio as function of deposition rate.

Fig. 4. Evolution of Fe/Ba against the depth of analysis.

Fig. 5. SEM pictures of ferrite films on gold (a) before annealing and
(b) after annealing.
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presented in Fig. 7. In this case, it is very difficult to
evaluate the grains size.

6. Magnetic properties

Before annealing, the value of the coercive field grows
moderately when the deposition rate is lower than 11
mm/h then it decreases dramatically (Fig. 8). Hc varies
between 112 and 50 kA/m. Moreover, beyond 18 mm/h
the values of Hc measured on the layers are lower than
that of the bulk barium ferrite (94 kA/m). After
annealing the evolution of the coercive field is the same
one up to 18 mm/h. Beyond this rate the values of Hc are
higher than those measured on the not annealed layers.
Indeed, Hc varies then between 123 and 93 kA/m. This
phenomenon can be explained by the SEM character-
istics. Indeed, it’s well known that lower is the grains
size and higher is the coercive field.4 It is verified when
the deposition rate is important.

Up to 30 mm/h, the magnetization saturation mea-
sured on the layers increases when the deposition rate
increases (Fig. 9). Indeed, it varies between 0.17 and 0.26
Tesla. Beyond this rate we observe a decrease of magne-
tization. After annealing, the values of 4�Ms are almost
identical except at the low rates (<17 mm/h) where they
are slightly higher. In all the cases, the measured values
are lower than those of bulk ferrite (4�Ms ¼ 0:39 Tesla).
This is with the fact that during the procedure of deposi-
tion at 700�C, elements of underlayer diffuse in ferrite

Fig. 7. SEM pictures of ferrite films prepared at 30 mm/h (a) before
and (b) after annealing.

Fig. 6. SEM pictures of ferrite films prepared at 11 mm/h before (a)
and after (b) annealing. Fig. 8. Variation in coercive field as function of deposition rate.
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and iron and barium diffuse in underlayer. This phe-
nomenon of interdiffusion involves the formation of a
nonmagnetic buffer layer to the interface ferrite sub-
strate and thus a reduction of the value of 4�Ms:5

7. Conclusion and discussion

During this study, we prepared barium ferrite layers
of good quality. Indeed, at the substrate temperature of
700�C the deposits are very adherent and present few
cracks for all the deposition rates. Moreover, the mag-

netic properties 4�Ms;Hcð Þ obtained are acceptable to
realize an integrated circulator functioning at 70 GHz
(4�Ms acceptable ¼ 0:15� 0:5 Tesla).3 Thereafter it will
not be necessary to realize post deposition annealing
what still reduces the risk of even appearing cracks.
However, in order to still improve the properties of the
layers the optimization of the other deposition para-
meters will be studied.
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