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Abstract

Ti-rich BaO-TiO, thin films were grown on a Pt/Ti/SiO,/Si substrate using rf sputtering and the structural and dielectric properties of the films
were investigated. For the film grown at room temperature and rapidly thermal annealed (RTA) at 900 °C for 3 min, an amorphous phase with a
small BaTisO,3 crystalline phase was formed. As the growth temperature increased, the amount of the BaTisO,; crystalline phase increased. For
the film grown at 350 °C and RTA at 900 °C for 3 min, the homogeneous BaTisO,; phase was formed. The BaTi,Oy phase was developed when the
growth temperature exceeded 450 °C. The thin film with the homogeneous BaTi;O9 phase was obtained when the film was grown at 550 °C and
RTA at 900 °C for 3 min. The dielectric properties of the films were measured at 1-6 GHz range. The dielectric constant () of the BaTisOy; film
was about 33 and the dissipation factor was about 0.01. The ¢, and the dissipation factor of the BaTi;Oq film were about 37 and 0.005, respectively.
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1. Introduction

Next generation technologies of wireless and satellite com-
munications require small-sized microwave devices operating at
low power. Miniaturization of the devices can be achieved by the
development of microwave integrated circuits (MICs) of active
and passive devices. It is generally known that various MICs of
active devices have been developed using transistors. However,
the MIC of the passive devices has rarely been developed and
this can be achieved by using thin film microwave materials,
which have a high €, a low loss and good temperature stability.
Therefore, investigations on the microwave thin films have been
increased.!-?

The Ti-rich BaO-TiO, system has been extensively studied
because this system has many compounds, which have excel-
lent microwave dielectric properties.> The BaTi4Og phase was
first reported by Satton et al.> and the crystal structure of this
phase was identified as a orthorhombic with lattice parameters
of a=1.453nm, »=0.379 nm and ¢=0.629 nm.® The BaTisOg
ceramic shows the good microwave dielectric properties of
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0=2500-5000, €, =36-39 at 4-10 GHz and the temperature
coefficient of the resonance frequency (t¢) <20 ppm/°C.*> The
BayTigOyg ceramic is also known to have excellent microwave
dielectric properties, especially the t¢ value is nearly zero.’
However, it is difficult to obtain a single BayTigOyg pha\se.8
The BaTisO1; phase was first formed from a quenched melt of
BaTisO9.” The single BaTisO1; phase was not produced from
the solid-state reaction but it was only synthesized by the solu-
tion method.'? All the previous works on the Ti-rich BaO-TiO,
system have concentrated on the bulk ceramics but no research
has been carried out on the structural and dielectric properties of
the thin film. In this work, the BaTi4Og and BaTisO1; films were
grown on a Pt/Ti/Si0,/Si substrate using rf magnetron sputter-
ing and the structural and dielectric properties of the thin films
at GHz range were investigated.

2. Experimental procedure

Thin films were grown on a Pt/Ti/SiO,/Si substrate by rf mag-
netron sputtering using a BaTigOg target with a 3 in. diameter
which was synthesized by the conventional solid state method.
The background pressure was approximately 10~7 Torr and the
sputtering was conducted in an oxygen and argon (O2:Ar=1:4)
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atmosphere with a total pressure of 8§ mTorr. The rf power was
100 W and the substrate temperature was controlled from room
temperature to 550 °C using a pedestal-type heater. After the
deposition, the films were subjected to a rapidly thermal anneal-
ing at 900°C under O, atmosphere. The working pressure
of the annealing was 3-5 Torr. The microstructure was ana-
lyzed using X-ray diffraction (Rigaku D/max-RC, Japan) and
transmission electron microscopy (TEM: Hitachi H-9000NAR
Ibaraki, Japan). For the measurement of the dielectric proper-
ties at microwave frequencies, Al was deposited on the thin
film as the top electrode using conventional dc sputtering. The
Al-electrode was patterned to form a circular-patch capacitor
structure by photolithography. The complex reflection coeffi-
cient was measured from 1 to 6 GHz using a Vector Network
Analyzer (HP 8710C). The dielectric constant and the dissipa-
tion factor were calculated from two reflection coefficients of
capacitors having different inner diameters with the same outer
diameters.'!

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the thin films
grown at various temperatures and subsequently rapidly ther-
mal annealed (RTA) at 900 °C for 3 min. For the film grown
at room temperature a small peak indexed as a (04 1) reflec-
tion of monoclinic BaTisO;; phase appeared. As the growth
temperature increased, the amount of the BaTis;O1; phase also
increased. However, when the growth temperature was 450 °C,
the peaks corresponding to the BaTisOg phase appeared, thus
thin film grown at 450 °C and RTA at 900 °C consisted of the
BaTi5;01; and the BaTisOg phases. When the growth tempera-
ture exceeded 450 °C, peaks for the BaTisO1; phase disappeared
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Fig. 1. X-ray diffraction patterns of the thin films grown at various temperatures
for 1 h and rapidly thermal annealed at 900 °C for 3 min.

and only those for the BaTisOg phase were observed. All the
peaks were matched with those of the orthorhombic BaTisOg
phase. From these results, it can be suggested that a crystalline
BaTi5;0O1 phase is formed when the growth temperature is lower
than 450 °C and a BaTigOg phase is crystallized when the growth
temperature is above 450 °C.

In order to understand the crystallization behavior of the Ti-
rich BaO-TiO; thin films, HRTEM analysis was conducted.
Fig. 2(a) shows a HRTEM image of the thin film grown at room
temperature and RTA at 900 °C for 3 min. The inset shows the
electron diffraction pattern taken from the same area of the film.
The ring pattern indexed as the (0 4 1) reflection of the BaTi5Oq;
phase indicates that the grain size of the BaTisO11 phase is very
small. The modulation of the (04 1) lattice plane correspond-
ing to 0.32 nm was shown in HRTEM image and an amorphous
phase indicated by A was also observed in this image. Therefore,

Fig. 2. High-resolution lattice images and the electron diffraction patterns of the thin films grown at: (a) room temperature, (b) 350 °C and (c) 550 °C for 1 h and

rapidly thermal annealed at 900 °C for 3 min.
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the film grown at room temperature and RTA at 900 °C con-
sists of the small BaTisO1; grains and the amorphous phase.
The HRTEM image and electron diffraction pattern of thin film
grown at 350 °C and RTA at 900 °C were illustrated in Fig. 2(b).
The electron diffraction pattern was identified as the [0 0 1] zone
axis diffraction patterns of the BaTisO1; phase. The modulation
of (0 10) lattice plane with wavelength of 1.415 nm was shown
in the HRTEM image, and it is difficult to find the amorphous
phase. Therefore, thin film grown at 350 °C and RTA at 900 °C
is fully crystallized BaTisO;; phase. Fig. 2(c) is the HRTEM
image and electron diffraction patterns of thin film grown at
550 °C and RTA at 900 °C. The inset shows the [0 4 0] zone axis
electron diffraction pattern of the BaTi4Og phase. The HRTEM
image also shows the modulation of the (2 00) lattice plane of
BaTisO9 phase. TEM analysis shows that although the compo-
sition of the sputtering target is BaTizOo, the BaTisO1; phase is
formed when the growth temperature is low, and a high growth
temperature is required to obtain the crystalline BaTi4Og phase.

In the case of bulk ceramics, the BaTisO;; phase was first
found in the quenched melt of BaTizOg by Tillmanns.” The
BaTi5;0O1; phase was also produced by sol-gel or liquid mixture
method but it was never produced from the solid state method. '°
Therefore, it is thought that the BaTisO;; phase was obtained
only from the amorphous phase. Moreover, when the ratio of
BaO and TiOy was 1:4 in the precursor solution in the sol-gel
method, the BaTisO;; phase existed as the low temperature
phase and transformed into the BaTi4O9 phase when the anneal-
ing temperature was 1300°C.!0 In the case of thin film, only
amorphous phase formed when the film was grown at room tem-
perature. The composition of this amorphous film might be close
to BaTisOg because the sputtering target is BaTisOg. Therefore,
the film grown at room temperature could be crystallized into the
low temperature phase, i.e. BaTisO1; phase when the annealing
temperature was not high enough as shown in Fig. 2(a).

For the film grown at 350 °C, it is considered that the amor-
phous phase was developed during the deposition, and they
changed to the BaTisOj; phase. But it is also possible that the
BaTi5;011 phase was already formed during the deposition, and
they grew when the annealing was conducted. In order to identify
the phase of film grown at 350 °C, TEM analysis was conducted.
The dark field image of thin film grown at 350 °C was shown in
Fig. 3. The inset shows the electron diffraction pattern taken at
the same area. The ring patterns shown in the electron diffraction
pattern are identified as the (03 2), (32 0) and (1 05) reflections
of the BaTi;O1 phase. The dark field image shows that a small
crystalline BaTis;O1; phase with average grain size of 10 nm
formed and the amorphous phase was also detected in the dark
field image. Therefore, it is considered that for the film grown at
350 °C, both a small crystalline BaTisO1; phase and an amor-
phous phase are formed during the deposition and BaTi;Oq;
phase grows when the annealing is conducted.

In order to identify the phase of the film grown above 450 °C,
TEM analysis was conducted on the film grown at 550 °C. Fig. 4
shows the dark field image of the film grown at 550 °C and the
inset shows the electron diffraction pattern taken from the same
area. The electron diffraction pattern shows the ring pattern indi-
cating that the grain size is small. The first and second rings were

Fig. 3. Dark field image and electron diffraction pattern of the thin film grown
at 350°C for 1 h.

indexed as the (3 10), and the (2 1 4) reflections of the BaTizOg
phase, respectively. The dark field image exhibits the grains with
an average grain size of 30—50 nm. Therefore, for the film grown
at 550 °C, the small grains of the BaTi4Og phase formed during
the deposition, which grew during the post-annealing.
Dielectric properties of the thin films grown at the various
temperatures and RTA at 900 °C were measured at 1-6 GHz as
shown in Fig. 5. For the film grown at room temperature, the
€ was low, about 25. Since the film grown at room temperature
contains a large amount of the amorphous, the low €, value can be
explained by the presence of the amorphous phase. The dissipa-
tion factor of the film was low, about 0.01 when it was measured
below 3 GHz. However, it considerably increased at 3—-6 GHz
range. The increase of the dispassion factor is not clearly under-
stood at this moment. The dielectric constants of the BaTisOy;
and BaTigOg thin films were 33 and 37 at 1-6 GHz, respec-
tively. They are similar to those of the bulk specimens. The
dissipation factor of the BaTi5O1; was about 0.01 at 1-4.5 GHz
and it increased when the frequency exceeded 4.5 GHz. On the
other hand, for the BaTisOg thin film, the dissipation factor was
about 0.005 at 1-6 GHz. Therefore, BaTisOg thin film grown

Fig. 4. Dark field image and electron diffraction pattern of the thin film grown
at 550°C for 1 h.
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Fig. 5. Dielectric constants and dissipation factors of the thin films grown at the
various temperatures and rapidly thermal annealed at 900 °C for 3 min.

at 550°C and RTA at 900 °C is considered to have the good
dielectric properties at 1-6 GHz range.

4. Conclusions

For the thin film grown at room temperature and RTA at
900 °C, amorphous phase was formed during the deposition
and changed to the BaTisO;; phase during the annealing. Thin
film grown at 350 °C consisted of small BaTisO1; grains, which
grew when the film was RTA at 900 °C. For the film grown at
550 °C and RTA at 900 °C, the small BaTi4Og crystalline phases
were already formed during the deposition and they grew when
annealing was conducted at 900 °C. The ¢, of the BaTi;O1; thin
film was about 33, which is close to that of the bulk ceramics,
and the dissipation factor was 0.01 and increased when the fre-
quency exceeded 4.5 GHz. The ¢, and the dissipation factor of
the BaTigOg thin film were 37 and 0.005 at 1-6 GHz, respec-
tively. Therefore, the BaTi4Og thin film could be applicable to
microwave thin film devices.
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