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Abstract BaTi4O9 thin films were grown on a Pt/Ti/SiO2/Si
substrate using RF magnetron sputtering. A homogeneous
BaTi4O9 crystalline phase developed in the films deposited
at 550◦C and annealed above 850◦C. When the thickness of
the film was reduced, the capacitance density and leakage
current density increased. Furthermore, the dielectric con-
stant was observed to decrease with decreasing film thick-
ness. The BaTi4O9 film with a thickness of 62 nm exhib-
ited excellent dielectric and electrical properties, with a ca-
pacitance density of 4.612 fF/μm2 and a dissipation factor
of 0.26% at 100 kHz. Similar results were also obtained
in the RF frequency range (1–6 GHz). A low leakage cur-
rent density of 1.0 × 10−9 A/cm2 was achieved at ±2 V, as
well as small voltage and temperature coefficients of capaci-
tance of 40.05 ppm/V2 and –92.157 ppm/◦C, respectively, at
100 kHz.
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Introduction

Metal-Insulator-Metal (MIM) capacitors are important com-
ponents in RF Integrated Circuits (ICs). To decrease the size
of these capacitors, a large capacitance density and a high
quality factor are needed in the RF frequency range. A small
leakage current density and low voltage and temperature co-
efficients (VCCs and TCC, respectively) are also required
for the MIM capacitors used in RF ICs. SiO2 and Si3N4 are
commonly used for MIM capacitors, but the capacitance den-
sities of these materials are rather low, only about ∼2 fF/μm2

[1, 2]. Recently, Al2O3, Ta2O5 and HfO2 dielectrics, which
have a higher dielectric constant (k), have been widely inves-
tigated with a view to enhancing the capacitance density of
these capacitors [3–10]. Al2O3 film has a low leakage current
and a high capacitance density of 5 fF/μm2, but it also has a
large VCC (∼2000 ppm/V2) [3, 4]. Al2O3 doped Ta2O5 film
was reported to have a high capacitance density and a low
leakage current, but a low Q-value of approximately 40 [5].
HfO2 film and HfO2-Al2O3 laminates show a high capaci-
tance density and a low leakage current, but their VCC is
high and their dissipation factor has not been studied at high
frequency(∼GHz) [6–10]. Therefore, new dielectric mate-
rials are needed for the next generation of MIM capacitors
destined for RF ICs.

There are various microwave dielectric materials that have
a high k, a high Q-value, and good thermal stability in the
RF frequency range. Thus, if these materials were grown in
the form of a thin film for MIM capacitors, the properties
required for RF MIM capacitors could easily be obtained.
However, previous works on microwave dielectric materials
have focused on bulk ceramics, and few studies have been
carried out on thin films. In this work, a thin film of BaTi4O9

microwave dielectric ceramics was grown and its structure
and dielectric/electrical properties were investigated, in order
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to evaluate its potential use in RF MIM capacitors. BaTi4O9

ceramics were selected because of their excellent microwave
dielectric properties with high k value of 36–38, high Q-
value of 3500–5000 at 6–10 GHz and good thermal stability
[11–13].

Experimental procedure

The BaTi4O9 film was grown on a Pt/Ti/SiO2/Si(100) sub-
strate by RF-magnetron sputtering using a 3 inch-diameter
BaTi4O9 target which was synthesized by the conventional
solid state method. The deposition was carried out at 550◦C
in an oxygen and argon (O2:Ar = 2:8) atmosphere with a
total pressure of 8 A. The sputtering power was 100 W
and the deposition time ranged from 20 to 60 min. After
the deposition, the thin film was annealed at temperatures
ranging from 800◦C to 900◦C in an O2 atmosphere by a
rapid thermal annealing (RTA) system. The microstructure
of the BaTi4O9 film was analyzed by X-ray diffraction (XRD:
Rigaku D/max-RC, Japan) and transmission electron mi-
croscopy (TEM:Hitachi H-9000NAR Ibaraki, Japan). For the
measurement of the dielectric properties at low frequencies
(75–1000 kHz), Pt was deposited on the BaTi4O9 thin films
to form the top electrode of a MIM capacitor using conven-
tional DC sputtering. The capacitance and dissipation factor
were measured using a precision LCR meter (Agilent 4285A,
USA). The leakage current was measured using a voltage
source meter (Keithley 2400, USA). For the measurement
of the dielectric properties in the RF frequency range, Al
was deposited on the thin film to form the top electrode. The
Al-electrode was patterned by photolithography to form a
circular patched capacitor structure. The complex reflection
coefficient was measured from 0.5 to 6 GHz using a Vector
Network Analyzer (HP 8710C, USA). The dielectric constant
and dissipation factor were calculated from the reflection co-
efficients of two circular patched capacitors having different
inner diameters but the same outer diameters [14–16].
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Fig. 1 X-ray diffraction patterns of the BaTi4O9 films grown at 550◦C
for 1 h and rapidly thermal annealed at various temperatures for 3 min

Results and discussion

Figure 1 shows the X-ray diffraction patterns of the BaTi4O9

films grown at 550◦C and rapidly thermal annealed at various
temperatures. Only the substrate peaks were observed for the
samples annealed at temperatures below 850◦C. Therefore,
an amorphous phase or only a small amount of the BaTi4O9

crystalline phase was formed for the films grown at 550◦C
and annealed below 850◦C. Peaks for the crystalline phase
(indicated by the full circle) appeared for the films annealed
at 850◦C, and the intensity of these peaks increased with in-
creasing annealing temperature. All the peaks were identified
as those of the orthorhombic BaTi4O9 phase. Therefore, an-
nealing at high temperature (>825◦C) is required to obtain
the crystallized BaTi4O9 film.

The microstructure of the BaTi4O9 film grown at 550◦C
and annealed at 900◦C was investigated using TEM. Figure 2
shows a cross sectional TEM bright field image of this
BaTi4O9 thin film. The inset shows the electron diffraction
pattern taken from the same area of the film. The electron
diffraction pattern was identified as that of the [200] zone
axis of the orthorhombic BaTi4O9 phase. The thickness of the

Fig. 2 Cross sectional TEM
bright field image and the
electron diffraction pattern of
the BaTi4O9 thin film
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and dissipation factors of the
BaTi4O9 films with various
thicknesses as a function of
frequency

BaTi4O9 film was 62 nm and a sharp interface was formed be-
tween the Pt-bottom electrode and the BaTi4O9 film. There-
fore, it can be concluded that the homogeneous crystalline
BaTi4O9 phase was well developed for the film grown at
550◦C and subsequently annealed at 900◦C.

The capacitance densities and dissipation factors of
BaTi4O9 films with various thicknesses were measured as
a function of the frequency (see Fig. 3). The capacitance
density of the BaTi4O9 film with a thickness of 175 nm was
low, being only approximately 2.1 fF/μm2 and the dielectric
constant was about 40, which is similar to that of BaTi4O9 ce-
ramics. The dissipation factor increased from 0.63% to 2.1%
as the frequency was increased from 75 kHz to 1 MHz. The
capacitance density increased with decreasing film thickness,
and for the BaTi4O9 film with a thickness of 36 nm, it was
about 6.0 fF/μm2. The dissipation factor increased with de-
creasing thickness, but this decrease was not significant. The
k values for the films with thicknesses of 62 and 36 nm were
32 and 24, respectively. Therefore, it can be concluded that
the dielectric constant decreases with decreasing film thick-
ness. In particular, the decrease in the dielectric constant is
significant when the thickness of the film is less than 50 nm.
However, since the dielectric constant of HfO2 film with a
thickness of 56 nm is about 18, [6] the dielectric constant of
the BaTi4O9 film is comparatively high. According to Inter-
national Technology Roadmap for Semiconductors (ITRS), a
capacitance density of 4.0 fF/μm2 or higher will be required
for the precision analog capacitor from year 2007–2009 [17].
Therefore, the BaTi4O9 film can easily satisfy the require-
ments for these analog capacitors provided that the thickness
of the film is less than 62 nm.

The capacitance density and dissipation factor of the
BaTi4O9 films were also measured in the 1–6 GHz range,
as shown in Fig. 4. For the BaTi4O9 films with large thick-
nesses (>60 nm), the capacitance density measured in the
RF frequency range was similar to that measured at low fre-
quencies, and the dissipation factor was low. However for
the film with a thickness of 36 nm, the capacitance density
increased when it was measured at frequencies above 3 GHz.
Further studies are needed to understand this increase in the
capacitance density, however it is worth mentioning that the
BaTi4O9 film with a thickness of 62 nm exhibits a high ca-
pacitance density of 4.1 fF/μm2 and a low dissipation factor
of 0.31% at 2 GHz.

Figure 5 shows the variation in the leakage current density
of the BaTi4O9 films with the applied voltage for various
thicknesses. For the 62 nm-thick BaTi4O9 film, the leakage
current density is very low, only 1 nA/cm2 at ±2 V, which
satisfies the ITRS requirement of a leakage current density
of 7 fA/pF·V or lower [17]. On the other hand, for the film
with a thickness of 36 nm, the leakage current density is too
high for the BaTi4O9 film to be used as an analog capacitor.
It is generally accepted that the properties of the interface,
especially the oxygen vacancies at the interface, exert the
considerable influence on the leakage current of the film.
Therefore, the amount of oxygen vacancies at the interface
needs to be controlled, in order to reduce the leakage current
density of BaTi4O9 films with thicknesses of less than 50 nm.

The variation in the capacitance with the applied voltage
or temperature was measured for 62 nm-thick film which ex-
hibits the high capacitance density and low leakage current
density. The VCCs of this film were obtained by using the
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Fig. 4 Capacitance densities
and dissipation factors of the
BaTi4O9 films with various
thicknesses measured in the RF
frequency range
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Fig. 5 Leakage current densities of the BaTi4O9 films with various
thicknesses as a function of the applied voltage

second order polynomial equation of the form C(V)/C0 =
αV2 + βV + 1, where C0 is the zero-biased capacitance, and
α and β represent the quadratic and linear VCCs, respectively
[6]. Figure 6(a) shows the variation of the capacitance density
with the applied voltage at 100 and 300 kHz. The VCC values
measured at 100 kHz consisted of an α of 40.05 ppm/V2 and
a β of 110.3 ppm/V, which are sufficiently low to meet the
requirements (α<100 ppm/V2, β<1000 ppm/V) of RF ap-
plications [7, 10]. The TCC values were also measured from
25◦C to 100◦C at 100 and 300 kHz, as shown in Fig. 6(b).
After heating the MIM capacitor up to 100◦C, the capacitance
was measured at various frequencies during its subsequent
cooling. As the temperature decreases, the capacitance den-
sity increases, indicating that the BaTi4O9 film has a negative
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Fig. 6 Variations in the capacitance density of the BaTi4O9 thin film
measured at 100 and 300 kHz as a function of the (a) applied voltage
and (b) temperature
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TCC. The TCC value of the film measured at 100 kHz is –
92.157 ppm/◦C.

Conclusions

BaTi4O9 thin films were grown on a Pt/Ti/SiO2/Si substrate
using RF magnetron sputtering. The homogeneous BaTi4O9

crystalline phase was well developed in the film grown at
550◦C and subsequently annealed at 900◦C. The dielectric
and electric properties of BaTi4O9 film were investigated for
the first time, in order to evaluate the possible use in MIM
capacitors. A high capacitance density of 4.1 fF/μm2 was
obtained for the BaTi4O9 film with a thickness of 62 nm.
This film also had a low dissipation factor of 0.31% at 2 GHz
and a low leakage current density of 1 nA/cm2 at 2 V. Its VCC
and TCC values were also low. Therefore, BaTi4O9 film is a
good candidate material for RF MIM capacitors.
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