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Abstract

The dielectric properties of Ba,TigO, film were investigated to evaluate its potential use in metal-insulator—metal (MIM) capacitors. A homo-
geneous crystalline Ba,TigO, phase without any second phase developed for the film grown at 700 °C and rapid thermal annealed at 900 °C
for 3 min. The 200 nm-thick Ba, TigO, film showed a capacitance density of 2.0 fF/pum? with a low dissipation factor of 0.016 at 100 kHz. The
capacitance density of the film was low, but it could be increased by decreasing the thickness of the film. The leakage current density was approx-
imately 0.094nA/cm? at 1 V. A small linear voltage coefficient of capacitance of —690 ppm/V was obtained, together with a quadratic one of
—67.41 ppm/V? and a small temperature coefficient of capacitance of —168.87 ppm/°C at 100 kHz. All these results show that the Ba, TigOy film

is a good candidate material for MIM capacitors.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, many investigations have been conducted into
materials with a high dielectric constant (k) with the goal of
obtaining a high capacitance density. Metal-insulator—metal
(MIM) capacitors commonly use SiO» or SizNy dielectrics
because they have good voltage linearity properties and ther-
mal stability. However, their capacitance density is very small,
because of their low dielectric constant (k).""* An Al,O3 film
with a thickness of 12 nm exhibited a high capacitance density of
5.0 fF/wm?. However, it had a large voltage coefficient of capac-
itance (VCC).? An HfO, film with a thickness of 56 nm grown
by PLD showed small voltage and temperature coefficients of
capacitance, but its capacitance density was relatively low.* A
MIM capacitor was also produced using a Al,O3 and HfO, lam-
inate structure, however its capacitance density was relatively
low.> PryO3 film was also reported to have a high capacitance
density, but to exhibit a large VCC.® A high capacitance density
of 17.0fF/um? and a low leakage current of 10~7 A/cm? were
obtained from a MIM capacitor made using a ZrO; film with a
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thickness of 12 nm, but the variation of the capacitance with the
bias voltage and temperature was not reported.’

Itis generally recognized that microwave dielectric materials
have a high k, high quality factor (Q-factor) and good temper-
ature stability.® In particular, BaTi4O9 ceramics are known to
have excellent microwave dielectric properties.”~!! Moreover,
BaTisOg films have been found to exhibit excellent dielectric
properties for MIM capacitors.lz’13 The Ba;TigOy¢ microwave
dielectric ceramics was reported by Jonker and Kwestroo and
they were found to exhibit good microwave dielectric properties
with a high k of 39.8, a high Q-factor of 8000 at 4 GHz and good
thermal stability.!*!> Many investigations have been conducted
into Ba; TigOyg ceramics, however, no attempts have been made
to use BayTigOy film for MIM capacitors. Therefore, in this
work, BayTigOyq thin films were formed for the first time and
their structural and dielectric properties were investigated, in
order to assess their potential use as new dielectric materials for
MIM capacitors.

2. Experimental details

The Ba;TigOy¢ film was grown on Pt/Ti/SiO,/Si(100)
substrate by RF-magnetron sputtering using a 7.6 x 1072 m-
diameter BapTigO;g target which was synthesized by the
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Fig. 1. XRD pattern of the Ba; TigO» films grown at (a) 700 °C without anneal-
ing and grown at (b) room temperature, (c) 300 °C, (d) 500 °C and (e) 700 °C
and subsequently annealed at 900 °C for 3 min.

conventional solid state method. Deposition was carried out
between room temperature and 700 °C in a mixed oxygen and
argon (O7:Ar = 1:4) atmosphere with a total pressure of 1.13 Pa
and a sputtering power of 140 W. Following its deposition, the
thin film was subsequently annealed at various temperatures
in an O, atmosphere using a rapid thermal annealing (RTA)
system. The structure of the film was studied using X-ray diffrac-
tion (XRD: Rigaku D/max-RC, Japan) and scanning electron
microscopy (SEM:Hitachi S-4300, Japan). For the measurement
of the dielectric properties, Pt was deposited on the thin film
using conventional DC sputtering to form the top electrode of a
MIM capacitor. The top electrode was patterned using a shadow
mask to form a disk with a diameter of 360 pm. The capacitance
and dissipation factor were measured by a precision LCR meter
(Agilent4285A, USA). The leakage current was measured using
a source meter (Keithley2400, USA).

3. Results and discussion

Fig. 1(a) shows the XRD pattern of the Bay TigO»¢ film grown
at 700 °C. No peaks were observed from the crystalline phase of
the film. Therefore, it is considered that this film has an amor-
phous phase. However, it is also possible that the crystalline
phase was formed in these films, but that its amount was too
small to be detected in the XRD patterns. Fig. 1(b—e) shows the
XRD patterns of the films grown at various temperatures and
subjected to RTA at 900 °C for 3 min. Peaks for the crystalline
Ba, TigO»( phase were found in the all the films. However, for the
films grown at temperatures below 700 °C, peaks for BaTi;Oq;
second phase were also observed. The BaTisO1; phase was first
observed by Tillmanns from the quenched melt of BaTi4 Oy, and
it has subsequently also been produced by the sol—gel or liquid
mixture methods.'®1® It was also suggested that the BaTisOy
phase could easily be produced from the amorphous phase.
Moreover, BaTisO1; phase was formed in BaTi4Og film when
the amorphous BaTi4 Oy film was annealed at low temperature. '’
Therefore, it can be considered that for the Ba;TigO,q films
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Fig. 2. SEM image of the Ba;TigOyg film grown at 700 °C and annealed at
900 °C for 3 min.

deposited at temperatures below 700 °C, an amorphous phase
was formed during the deposition and this amorphous phase was
transformed into the crystalline Ba; TigO;¢ phase and BaTisOq
second phase during the annealing at 900 °C. However, for the
film grown at 700 °C and annealed at 900 °C, it is considered
that a small amount of Ba;TigOy crystals were already formed
during its deposition and grew and developed to produce a
homogeneous Ba, TigO;q crystalline film without any BaTisOy
second phase.

The SEM image of the Ba;TigOyg film grown at 700 °C and
annealed at 900 °C is shown in Fig. 2. The thickness of the film
was approximately 200 nm and a sharp interface was formed
between the Pt-bottom electrode and the Bay TigO»( film.

Fig. 3 shows the capacitance density and dissipation factor of
the 200 nm-thick Ba, TigOq film grown at 700 °C and annealed
at 900 °C measured at various frequencies. The capacitance
density of this film was 2.0 fF/um? and its frequency depen-
dence was not significant. The effective k value of this film was
approximately 44.3, which is similar to that of Bay TigO»( ceram-
ics. According to the International Technology Roadmap for
Semiconductors (ITRS), a capacitance densities of 4.0 fF/ pum2
will be required for the analog capacitor, to be used in the
years 2007-2009.2° The capacitance density of the 200 nm-thick
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Fig. 3. Capacitance density and dissipation factor of the 200nm-thick
BayTigOyp film grown at 700 °C and annealed at 900 °C measured at various
frequencies.
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Fig. 4. (a) Leakage current density measured at various applied voltage and the plots of (b) log(J/T?) vs. E2 and (c) log(J/E) vs. E? for the Bay TigOyq film.

Ba,TigOyy film is too low for it to be used as a MIM capacitor.
However, since the thickness of the film is 200 nm, its capaci-
tance density could be increased by decreasing the thickness of
the film. The dissipation factor of the Ba; TigO»¢ film, which is
also shown in Fig. 3, was 0.016 at 100 kHz.

The variation of the leakage current density with the applied
voltage is illustrated in Fig. 4(a). Leakage current density of this
film was low, 0.094 nA/cm? at 1 V. More than 90% of the capac-
itors were not short-circuited till 15 V. According to the ITRS,
a leakage current density of 7.0 fA/pF V or lower is required for
precision analog capacitors. The leakage current density of the
BayTigO»g film was approximately 0.47 fA/pFV and therefore
satisfied the ITRS requirement. The leakage current mechanism
of the BapTigO»q film was also studied. There are two leak-
age current mechanisms for dielectric thin film in a high field:
Schottky emission and Poole-Frenkel emission. For Schottky
emission, the plot of log(J/T%) versus E? produces a straight
line, where J is a current density, T the temperature and E is
the electric field. From the slope of this line we can calculate
a dielectric constant in the optical range of frequencies (ko).%!
If this calculated k, satisfies the equation k, =n?, where n is
the refractive index of the material,2! the leakage current mech-
anism is a Schottky emission.’’"?> On the other hand, a plot
of log(J/E) versus E'? produces a straight line for the Poole-
Frenkel emission and we can calculate k, from the slope of this
line.2! If this k, satisfies the equation kg =n?, where n is the
refractive index of the material,?! the leakage current mecha-
nism is a Poole-Frenkel emission.2!-22 Fig. 4(b and c) shows the
plots of log(J/T?) versus E? and log(J/E) versus E'/? for the
BaTigO»p film, respectively. The calculated &, value obtained
from the plot of Fig. 4(b) is 4.64 whereas that obtained from the
plot in Fig. 4(c) is about 78.54. On the other hand, the refractive
index of most of the ceramics is in the range of 2-3.2% There-
fore, even though we could not obtain the experimental k, of

the BayTigO»q film, because its refractive index has not been
reported in the literature, the refractive index of the BayTigO»g
film is considered to be approximately 2—3 and, thus, in all likeli-
hood its k, value is in the range of 4-9, indicating that its leakage
current mechanism is probably Schottky emission.

The linearity of the variation in capacitance with applied
voltage or temperature is very important parameters for MIM
capacitor. The VCC of the Ba; TigOyg film can be obtained from
the capacitance and voltage measurements using the second
order polynomial equation, C(V)/Co =aV? + BV + 1, where Cy is
the zero-biased capacitance, and « and B represent the quadratic
and linear VCCs, respectively.* Fig. 5 shows the variation in the
capacitance density with the applied voltage at various frequen-
cies for the BayTigOyq film grown at 700 °C and subjected to
RTA at 900 °C. The VCC increased with increasing frequency
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Fig. 5. Variation of the capacitance density of the BayTigOp9 MIM capacitor
measured at various frequencies as a function of the applied voltage.
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Fig. 6. Variation of the capacitance density of the Ba;TigO29 MIM capacitor
measured at various frequencies as a function of the temperature.

but this variation was not significant. For the Ba;TigO5¢ film
measured at 100 kHz, the values of « and  were —67.41 ppm/V?>
and —690 ppm/V, respectively. The quadratic and linear VCCs
satisfy the requirement (a < 100 ppm/V?2, < 1000 ppm/V) for
precision analog capacitors. The TCC was also measured from
20 to 120°C at various frequencies, as shown in Fig. 6. After
heating it up to 120 °C, the capacitance of the MIM capaci-
tor was measured at various frequencies during its subsequent
cooling. As the temperature increased, the capacitance density
decreased, indicating that the BayTigOy¢ film has a negative
TCC. The TCC of the BayTigOyg film measured at 100 kHz
was —168.87 ppm/°C. Therefore, BayTigO» film has very good
temperature stability.

4. Conclusions

The homogeneous crystalline Ba;TigOyp phase was well
developed for the film grown at 700°C and rapid thermal
annealed at 900 °C for 3 min. The 200 nm-thick Bay TigOyg film
shows a capacitance density of 2.0 fF/um? with a low dissipa-
tion factor of 0.016 at 100kHz. The effective k value of this
film is 44.3 which is similar to that of Ba; TigO,g ceramics. The
capacitance density of this film is relatively low, but it could be
increased by decreasing thickness of the film. The leakage cur-
rent density of the film was approximately 0.094 nA/cm? at 1 V
and leakage current mechanism is considered to be Schottky
emission. A small linear VCC of —690 ppm/V was obtained,
together with a quadratic one of —67.41 ppm/V? and a small
TCC of —168.87 ppm/°C at 100 kHz. Therefore, the BayTigO»q
film is a good candidate materials for MIM capacitor. However,
since the process temperature used to grow the Ba; TigOyg film is
too high for back-end line integration, more research is required
to decrease the process temperature without deteriorating the
dielectric properties of the film.
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