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Microwave dielectric properties of the BaTi5O11 thin film grown
on the poly-Si substrate using rf magnetron sputtering
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Abstract

BaTi5O11 thin films were grown on the poly-Si/SiO2/Si substrate using rf magnetron sputtering. The BaO-TiO2 thin film deposited on the poly-Si
substrate had an amorphous phase even though the growth temperature was high at 550 ◦C. The amorphous film was crystallized into the BaTi5O11

phase when the film was post annealed above 800 ◦C. The post annealing temperature is one of the most important factors for the formation of the
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rystalline BaTi5O11 thin film. The homogeneous BaTi5O11 thin film was obtained when the film was grown at 550 ◦C and rapid thermal annealed
RTA) at 900 ◦C for 3 min. The dielectric constant (εr) of the BaTi5O11 film measured at 100 kHz was about 35 and the dissipation factors of all the
lms were smaller than 4.0%. The dielectric properties of the BaTi5O11 thin film were also measured at microwave frequencies. For the BaTi5O11

hin film grown at 550 ◦C and RTA at 900 ◦C for 3 min, the εr of 34–30 and dielectric loss of 0.025 ± 0.005 were obtained at 1–6 GHz.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Microwave dielectric materials with a high εr, a low loss and a
ow temperature coefficient of the resonance frequency (τf) have
een investigated for their application to microwave devices.1,2

ecently, microwave devices with a small size operating at low
oltage are required to cope with the miniaturization of the
onolithic microwave integrated circuit. These requirements

an be achieved using thin film microwave dielectric materi-
ls. Thus, investigations on the thin film microwave dielectric
aterials have been increased.3–5

A large number of compounds were found in the binary
aO-TiO2 system.6–8 BaTiO3 ceramic has been used in many
elds because of its ferroelectric properties. BaTi4O9 and
a2Ti9O20 compounds were also extensively studied to apply

hem to the microwave components because of their good
icrowave dielectric properties.9,10 The BaTi5O11 phase was
rst obtained from a quenched melt of BaTi4O9.11 The single
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BaTi5O11 phase was not produced from the solid-state reaction
but it was synthesized by the solution methods.12–14 All the
previous works on the BaTi5O11 were concentrated on the bulk
ceramics and no research has been conducted on the growth and
the dielectric properties of the thin film BaTi5O11. In this work,
the BaTi5O11 thin films were grown on the poly-Si/SiO2/Si
substrate using rf magnetron sputtering for future application
to microwave devices, and the microstructure and the dielectric
properties of the BaTi5O11 thin film at microwave frequencies
were investigated.

2. Experimental details

BaTi5O11 thin films were grown on the poly-Si/SiO2/Si sub-
strate by the rf magnetron sputtering using a BaTi4O9 target
with 3 in. diameter which was synthesized by the conventional
solid state method. The background pressure of the system was
approximately 10−7 Torr and the sputtering was conducted in
an oxygen and argon (O2/Ar = 1:4) atmosphere with the total
pressure of 5 mTorr. The rf power was 80–140 W and the sub-
strate temperature during the deposition ranged between room

◦
E-mail address: snahm@korea.ac.kr (S. Nahm). temperature and 550 C. After the deposition, the films were sub-

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.09.088



2152 B.-Y. Jang et al. / Journal of the European Ceramic Society 26 (2006) 2151–2154

jected to a rapid thermal annealing at temperatures between 800
and 1000 ◦C under O2 atmosphere. The microstructure of the
thin film was studied using X-ray diffraction (Rigaku D/max-
RC, Japan), transmission electron microscopy (TEM: Hitachi
H-9000NAR Ibaraki, Japan) and scanning electron microscopy
(SEM: Hitach S-4300, Japan). For the measurement of the
dielectric properties at low frequency, Pt electrode was sputtered
on the BaTi5O11 film and LCR meter (Agilent 4285A) was used
to measure the capacitance and dissipation factor of the films.
For the measurement of the dielectric properties at microwave
frequencies, Al was deposited on the thin film as the top elec-
trode using conventional DC sputtering. The Al-electrode was
patterned to form a circular-patch capacitor structure by pho-
tolithography. The complex reflection coefficient was measured
at 1–6 GHz using a Vector Network Analyzer (HP 8710C). The
dielectric constant and dissipation factor were calculated from
two reflection coefficients of capacitors having different inner
diameters with the same outer diameters.15

3. Results and discussion

The variation of the film thickness with the induced sputter-
ing power and the growth temperature is illustrated in Fig. 1(a).
Thickness of the film linearly increased with increasing the
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induced power. The enhancement of the sputtering rate due to the
increase of the induced power is responsible for the increase of
the thickness of film. Film thickness decreased with the increase
of the growth temperature. Mobility of the sputtered ions on the
substrate increases with the increase of the substrate temperature
resulting in the formation of the dense film. Therefore, the thick-
ness of film is expected to decrease with increasing the growth
temperature. Fig. 1(b) showed a cross-sectional TEM bright field
image of the thin film grown on the poly-Si/SiO2/Si substrate
at 550 ◦C 1 h and RTA at 900 ◦C for 3 min. The thin film with
the thickness of 230 nm was uniformly formed and the interface
between the film and poly-Si substrate is relatively sharp. The
inset shows the electron diffraction pattern taken from the thin
film and it was identified as the [1–10] zone axis of the BaTi5O11
phase. Therefore, the homogeneous crystalline BaTi5O11 thin
film was well developed on the poly-Si/SiO2/Si substrate.

Fig. 2 shows the X-ray diffraction patterns of the BaTi5O11
thin films grown on the poly-Si/SiO2/Si substrate at various
conditions. For the film grown at 550 ◦C for 1 h and RTA at
800 ◦C for 3 min, peaks for the crystalline BaTi5O11 phase were
not found. Therefore, the films deposited at 550 ◦C and RTA at
800 ◦C are considered to have the amorphous phase. However,
when the RTA temperature at 900 ◦C, peaks for the crystalline
BaTi5O11 phase were observed as shown in Fig. 2(b). More-
over, even though the film was grown at room temperature, the
crystalline BaTi O film formed when the post annealing is
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ig. 1. (a) Variation of the film thickness with the induced sputtering power and
he growth temperature and (b) a cross-sectional TEM bright field image of the
hin film grown at 550 ◦C 1 h and RTA at 900 ◦C for 3 min.
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onducted at 900 ◦C (see Fig. 2(d)). Therefore, it is considered
hat the post annealing temperature is one of the most impor-
ant factors for the formation of the crystalline BaTi5O11 film.
n addition, the relative intensity of each peak of the BaTi5O11
lm is the same as that of the peaks from the BaTi5O11 bulk
eramic. Therefore, the BaTi5O11 films grown on the poly-Si
ubstrate do not have any preferred growth orientation.

Fig. 3(a) and (b) show SEM images of the surface of the
aTi5O11 films deposited at various temperatures and RTA at
00 ◦C for 3 min. The small grains with the average grain size
f 70 nm were formed for the film grown at room tempera-

ig. 2. X-ray diffraction patterns of the BaTi5O11 thin films grown at 550 ◦C
or 1 h and RTA at (a) 800 ◦C; (b) 900 ◦C; (c) 1000 ◦C for 3 min; and (d) the
aTi5O11 thin film grown at room temperature and RTA at 900 ◦C for 3 min.
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Fig. 3. SEM images of the surface of the BaTi5O11 films deposited at (a) room temperature and (b) 550 ◦C for 1 h and RTA at 900 ◦C for 3 min.

ture. According to the X-ray diffraction pattern, the crystalline
BaTi5O11 phase already formed for the film grown at room tem-
perature and RTA at 900 ◦C for 3 min. Therefore, the small grains
shown in Fig. 3(a) could be BaTi5O11 grains. The grain size of
the BaTi5O11 film increased with the increase of the growth tem-
perature. For the film grown at 550 ◦C and RTA at 900 ◦C for
3 min, a homogeneous microstructure with an average grain size
of 210 nm was developed.

The composition of the sputtering target was BaTi4O9 but a
thin film with BaTi5O11 composition was grown on the poly-
Si substrate. According to previous research, the BaTi5O11 was
never produced by the solid-state method but formed only from
the amorphous phase. Furthermore, when the alkoxide solution
with the Ba:Ti ratio of 1:4 was fired at 700 ◦C, the BaTi5O11
phase existed as the low temperature phase of the BaTi4O9 and
it transformed into the BaTi4O9 phase when the specimen was
annealed above 1300 ◦C.12,14 On the other hand, the thin film
deposited on the poly-Si substrate is an amorphous phase with
the BaO:4.0TiO2 composition. Moreover, the amorphous film is
transformed to the crystalline BaTi5O11 film during the anneal-
ing at 900 ◦C. Therefore, the BaTi5O11 film found in this work
is also considered to be a low temperature phase of the BaTi4O9.

Dielectric constant and dielectric loss of the BaTi5O11 film
grown at various growth conditions and measured at 100 kHz
are illustrated in Fig. 4. The �r of film grown at room temper-
ature was low, approximately 29, compared to that of the bulk
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Fig. 5. Dielectric constant and dielectric loss measured at 1–6 GHz for the
BaTi5O11 film grown at 550 ◦C and RTA at 900 ◦C for 3 min.

BaTi5O11 ceramic. As shown in Fig. 2(d), for the film grown at
room temperature and subsequently RTA at 900 ◦C, peaks for the
crystalline BaTi5O11 film existed but their intensities were very
low, indicating that the amount of the crystalline phase is rela-
tively small. Therefore, the low value of the εr could be attributed
to the existence of the amorphous phase. The εr increased with
the increase of the annealing temperature and it can be explained
by the increase of the amount of crystalline BaTi5O11 phase.
For the film grown at 550 ◦C, it was about 35. The εr of the bulk
BaTi5O11 ceramic produced by alkoxide method is about 41.12

Therefore, εr of the BaTi5O11 film is close to that of the bulk
BaTi5O11 crystalline. The dissipation factor of all the films was
less than 4.0%. The dielectric properties of the BaTi5O11 film
were also measured at microwave frequency range as shown in
Fig. 5. The εr measured at 1 GHz was about 34, which is similar
to the εr measured at 100 kHz. The εr slightly decreased with
the increase of the frequency and it was about 30 at 6 GHz. The
dielectric loss of the specimen was low, about 0.025 at 1–6 GHz.

4. Conclusions

The thin film deposited on the poly-Si substrate had an amor-
phous phase even if the growth temperature was high, around
550 ◦C. The amorphous phase was crystallized when the amor-
phous film was annealed above 800 ◦C. The crystalline film has
ig. 4. Dielectric constant and dissipation factor of the BaTi5O11 films grown
t various growth temperatures and RTA at 900 ◦C for 3 min.
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the BaTi5O11 phase, even though the sputtering target has the
BaTi4O9 phase. The homogeneous BaTi5O11 film with the aver-
age grain size of 210 nm was formed when it was deposited at
550 ◦C and RTA at 900 ◦C for 3 min. The εr of the BaTi5O11 film
measured at 100 kHz was about 35, which is close to that of the
bulk BaTi5O11 ceramics. The dissipation factors of all the films
were smaller than 4.0%. The εr of 30–34 and the dielectric loss
of 0.025 were obtained at 1–6 GHz for the BaTi5O11 film grown
at 550 ◦C and RTA at 900 ◦C for 3 min. Therefore, the BaTi5O11
thin films might be used for the microwave thin film devices.
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