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Abstract Barium titanate (BaTiOs3) thin films doped
with Mn (0.1-1.0 at%) were prepared by r.f. magne-
tron sputtering technique. Oxygen/argon (O,/Ar) gas
ratio is found to influence the sputtering rate of the
films. The effects of Mn doping on the structural,
microstructural and electrical properties of BaTiOj
thin films are studied. Mn-doped thin films annealed at
high temperatures (700 °C) exhibited cubic perovskite
structure. Mn doping is found to reduce the crystalli-
zation temperature and inhibit the grain growth in
barium titanate thin films. The dielectric constant
increases with Mn content and the dielectric loss (tan
0) reveals a minimum value of 0.0054 for 0.5%
Mn-doped BaTiO; films measured at 1 MHz. The
leakage current density decreases with Mn doping and
is 10" A/em™ at 6 kV/em for 1% Mn-doped thin
films.
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Introduction

Barium Titanate (BaTiOj3) thin films have attracted
much interested in recent years due to their potential
applications in various devices [1]. Due to their
excellent ferroelectric and electro-optical properties,
barium titanate thin films are found to be promising
candidates for ferroelectric memory, electro-optic and
other device applications [2, 3]. In order to improve the
dielectric and ferroelectric properties, several workers
have doped elements such as bismuth, lanthanum and
yttrium, to tailor the defect structure [4-6]. Manganese
as an acceptor-doping element influences the micro-
structural and electrical properties. It has been
reported that Mn influences the electrical and micro-
structural properties of barium titanate bulk ceramics
used for capacitor and positive temperature coefficient
of resistivity (PTCR) devices [7, 8]. Even though
several reports regarding the influence of Mn on the
bulk barium titanate ceramics are available [7-10],
considerably less work is carried out on the Mn-doped
barium titanate in thin film form.

Several methods are employed to prepare barium
titanate thin films including vacuum evaporation [11],
r.f. sputtering [12], laser ablation [13], chemical vapor
deposition [14] and sol-gel process [15]. When barium
titanate films are deposited at low substrate tempera-
tures by means of r.f. magnetron sputtering, they are
basically amorphous [16], chemically stable and exhibit
low dielectric loss as well as high optical transparency
[17]. Recently, we have reported the effect of Nb
doping on the structural and dielectric properties of r.f.
magnetron sputtered barium titanate films [18]. The
present work deals with the preparation of pure and
Mn-doped barium titanate films by r.f. magnetron
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sputtering. A systematic investigation of film prepara-
tion, composition analysis, crystal structure, micro-
structure and electrical properties is carried out. The
effects of Mn doping on the microstructural and
electrical properties are also presented.

Experimental procedure
Film preparation

Mn-doped barium titanate targets were prepared using
commercial grade barium titanate and manganese (IV)
oxide (99.999% ) powder. The target discs with four Mn
compositions (0.1, 0.3, 0.5 and 1.0 at%) were sintered
at 1300 °C for 2 h with heating and cooling rates of
1 °C/min. X-ray diffraction studies confirmed that the
prepared targets were composed of single phase. Clean
glass slides, n-type Si (100) and Pt (250 nm thick) were
used as substrates to carry out the studies for electrical
measurement. The substrates were cleaned thoroughly
before loading in the vacuum chamber. Pure and Mn-
doped barium titanate films were prepared using a r.f.
magnetron sputtering system in a high pure argon
ambient as well as a mixture of argon and oxygen at a
working pressure of 8 x 107 torr. The films were
deposited without heating the substrates and the
sputtering conditions are shown in Table 1. For the
evaluation of electrical property measurements, Au
top electrodes were deposited to form metal-insulator-
metal (MIM) structure with barium titanate film as a
dielectric medium. Barium titanate based thin films
were rapid thermal annealed (RTA) in air at 550, 600,
650 and 700 °C for 10 s. The heating rate during the
RTA process was 0.25 °C/s.

Table 1 Sputtering conditions used to prepare Mn-doped barium
titanate thin films

Target composition Pure BaTiO;

0.1%Mn-BaTiO;
0.3%Mn-BaTiO;
0.5%Mn-BaTiO;
1.0%Mn-BaTiO5

Target diameter 3 inches (76.2 mm)

Target-substrate distance 80 mm
Base pressure <1 x 107 torr
Working pressure 8 x 107 torr

Sputtering gas
O,/Ar ratio
r.f. power

Ar, (Ar, O,) mixture
0%, 5%, 10%, 20%, 25%, 50%
150 W

Characterization studies

The thickness of the barium titanate films was mea-
sured using a Tencor Alpha step profilometer and a
scanning electron microscope (Hitachi S-4100). Film
thickness of barium titanate thin films was estimated to
be in the range between 80 and 400 nm. The compo-
sition of pure barium titanate thin films on Si wafer was
analyzed by an X-ray photoelectron spectrometer
(Physics Electronics, PHI 1600) with Al Ko X-rays.
Structural characterization of barium titanate thin films
was carried out by X-ray diffraction with a CuKo
radiation. (Siemens D-5000). A Hitachi field emission
electron microscope was used to analyze the planar
and cross sectional views of as deposited and annealed
Mn-doped barium titanate thin films. The capacitance
and dielectric loss (tan §) were measured for the Au-
BaTiO;—Pt MIM structures at various high frequencies
(1 kHz to 1 MHz) using an impedance analyzer (HP
4194). I-V characteristics and leakage current mea-
surements were carried out using a HP 4156C-imped-
ance analyzer in the range from 0 to 20 kV/cm.

Results and discussion

Deposition rate and the effect of argon—oxygen
atmosphere

Figure 1 shows the variation of film thickness and
deposition rate with deposition time for 0.5% Mn-
doped barium titanate thin films deposited on glass
substrates. It is observed that the film thickness
increases linearly with deposition time and the depo-
sition rate for various sputtering times varies slightly
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Fig. 1 Variations of film thickness and deposition rate with
deposition time for 0.5% Mn-doped barium titanate thin films
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from 6.8 to 8.3 with an average value of 7.3 nm/min.
Argon—-oxygen mixture was used as the sputtering
medium to minimize the oxygen vacancy in the films
resulting from the oxygen deficiency environment in
the glow discharge [19]. Figure 2 shows the deposition
rates of various O,/Ar ratios for 0.5% Mn-doped
BaTiOs films on glass substrates deposited for a period
of 144 min. It is observed that the deposition rate
increases slowly with the amount of oxygen introduced
and dramatically reduced when O,/Ar was higher than
25%. This behavior may be attributed to the formation
of compound on the target and the reduction of ion
energy due to excess oxygen in the sputtering atmo-
sphere. Similar observation has been reported on the
reactive sputtering of TiN in Ar and N, gases using a Ti
target [20].

Compositional analysis

Figure 3 shows XPS spectra of a pure barium titanate
film deposited on Si wafer before and after sputter
etching with Ar* for 10 min in the binding energy range
0-1200 eV. The shift due to electrostatic charging of the
sample was calibrated using the binding energy of Cls
(284.6 eV). The peaks corresponding to individual
elements are found in Fig. 3a. It is observed that the
barium titanate film contains no impurity elements
other than carbon in the entire binding energy range.
The XPS survey of the specimen (curve b) after 10 min
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Fig. 2 Deposition rates versus O,/Ar ratio for 0.5% Mn-doped
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Fig. 3 XPS survey for pure barium titanate thin films on Si wafer
(a) before and (b) after sputtering with Ar* for 10 min

of Ar" sputtering is found to be free from contamina-
tion and there is no peak at 284.6 eV. This result
suggests that the presence of carbon on the surface of
the films is due to the contamination from the ambient.
Using XPS quantitative analysis, the atomic percent-
ages of Ba, Ti and O are estimated to be 21.7, 18.5 and
59.8, respectively.

Structural studies

X-ray diffraction studies were carried out on
as-deposited and annealed Mn-doped barium titanate
thin films coated on glass substrates. It has been found
that as-deposited Mn-doped barium titanate thin films
at various doping concentrations are amorphous.
There is no apparent variation in XRD results for
as-deposited films with various Mn contents. It is
observed from XRD studies that Mn-doped barium
titanate thin films after annealing at 600, 630, 650 and
700 °C started to crystallize at various temperatures
with the appearance of (110) peak. However, pure
barium titanate thin films were still found to possess
amorphous nature with annealing temperatures
between 600 and 650 °C. X-ray diffraction patterns of
a representative 0.5% Mn-doped barium titanate thin
film annealed at various temperatures are shown in
Fig. 4. It is observed that the film starts to crystallize
with the appearance of (110) peak at 630 °C and
became fully crystalline when annealed at 700 °C.
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Fig. 4 XRD patterns of 0.5% Mn-doped barium titanate thin
films annealed at various temperatures

Figure 5 exhibits the XRD patterns of various Mn-
doped barium titanate thin films along with the pure
barium titanate film annealed at 700 °C. It is observed
that the pure barium titanate and doped barium
titanate thin films are well crystallized after annealing
at 700 °C. Our XRD studies indicate that the crystal-
lization of the film takes place between 600 and 650 °C
depending on the Mn content. The addition of Mn
assists the film crystallization and lowers the crystalli-
zation temperature.
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Fig. 5 XRD patterns of various Mn-doped barium titanate thin
films annealed at 700 °C

The lattice parameters (c and a) of the targets and
films are estimated and the structure of BaTiOs3
targets is found to be primarily tetragonal with a c/a
ratio of 1.01 for pure BaTiO;. The tetragonality of
pure BaTiO; film annealed at 700 °C is found to be
1.003. The tetragonality values are found to be 1.002,
1.005, 1.000 and 1.006 for BaTiO; films doped with
0.1, 0.3, 0.5 and 1.0 % Mn, respectively. Since the
tetragonality factor is close to 1, it appears that Mn-
doped barium titanate thin films prepared by r.f.
magnetron sputtering exhibits primarily cubic struc-
ture. Wang et al. [21] reported a perovskite cubic
structure for their r.f. magnetron sputtered barium
titanate films. The lattice parameter is calculated
based on the XRD patterns and its variation with
Mn doping is shown in Fig. 6. It is observed that the
lattice parameter decreases from 0.4041 nm for pure
barium titanate film to 0.3995nm for 1.0%
Mn-doped barium titanate film. Since very small
quantities of Mn are doped with BaTiO; film, the
XRD pattern does not reveal any peak correspond-
ing to the presence of Mn. Another possible reason
for the absence of any peak in the XRD pattern is
that the Mn?* ions with radius 0.067 nm might have
completely incorporated into BaTiOs lattice through
Ti** sites (radius 0.068 nm). The full width at half
maximum (FWHM) of annealed Mn-doped samples
(Fig. 5) for (110) Bragg peak is found to be relatively
broad indicating the smaller grain sizes for annealed
films. It has been reported that when the grain size
decreases sufficiently, the unit cell becomes less
tetragonal resulting in a pseudo cubic phase [22, 23].
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Fig. 6 Variation of lattice parameter with Mn doping in barium
titanate thin films
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Fig. 7 Plane view SEM
micrographs of Mn-doped
films annealed at 650 °C. Mn
concentrations: (a) 0%, (b)
0.1%, (¢) 0.3% (d) 0.5% and
(e) 1.0%. Scale bar: 600 nm

Microstructure

The surface morphology of BaTiOj; films was analyzed
using a scanning electron microscope. Figure 7 shows
the plane view scanning electron micrographs of
various Mn-doped BaTiOj; film annealed at 650 °C in
the RTA furnace for 10s. The plane view surface
morphology reveals the presence of granular structures
and clusters characteristics of high temperature
annealed films. The clusters are found to become large
and dense with the increase of Mn contents. Hemi-
spherical shaped island like grains are also seen and
similar morphology is commonly observed in ceramic
thin films such as BaSrTiO3; and PbZrO;5 prepared by
physical vapor deposition. The surface morphology of
BaTiO; films also reveals a fine grain microstructure
without any cracks. Similar surface morphology is
observed in sol-gel prepared Sr doped [24], and r.f
sputtered Ce doped [25] BaTiO; thin films.

Electrical property measurement
The dielectric properties of the Mn-doped BaTiO; thin
films (Au-BaTiOs-Pt) were measured in the frequency

range between 1 kHz and 1 MHz. The variation of
dielectric constant and tan 6 of BaTiOj3 based thin films
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measured at 1 MHz and at 25 °C is shown in Fig. 8. It
is observed that the dielectric constant increases with
Mn doping. However, the dielectric loss (tan §), shows
a minimum value of 0.0054 for 0.5% Mn-doped
BaTiOs film which indicates that the 0.5% Mn doping
as the optimum doping level to prepare films for
capacitor applications. Sasaki et al. [26] observed that
the dielectric constants of ion beam sputtered Sb
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Fig. 8 Variation of dielectric constant and tané at 1 MHz with
Mn doping in barium titanate thin films
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doped BaTiO; films were in the range of 80-100 and
further reported that there was no marked variation of
dielectric constant with antimony doping. The low
values of dielectric constant observed in the present
study may be attributed to the small grain sizes of the
films as observed by SEM and the broadening of the
XRD peaks of annealed Mn-doped BaTiOj films.
Similar microstructural and dielectric properties have
been reported for BaTiO; thin films earlier [27]. The
possible existence of a non-ferroelectric surface layer
at the film-electrode interface may also be responsible
for the reduction of dielectric constant in the films [28].

The current—voltage characteristics of MIM struc-
ture employing annealed Mn-doped BaTiOyj films are
carried out. It is observed that at low electric fields
(<6 kV/cm) an exponential increase of current with
electric field is observed followed by saturation at high
electric fields. It is observed that the leakage current is
around 10® A/cm? for 0.1% Mn-doped BaTiOs film
and it decreases to 10" A/cm? for 1.0% Mn-doped
BaTiO; film.

Conclusions

Mn-doped BaTiO; thin films have been deposited by
r.f. sputtering at various O,/Ar gas mixing ratios at
room temperature. As-deposited BaTiO; films are
found to be amorphous and annealed films at 700 °C
yields cubic films with perovskite structure. It is found
that the lattice parameter of Mn-doped annealed
BaTiO; films decrease with increase in Mn content.
O,/Ar gas ratio is found to exhibit maximum sputtering
rate in r.f. sputtered films. The dielectric constant is
found to increase with Mn content and the dielectric
loss (tan o) reveals a minimum value for 0.5% Mn-
doped BaTiO; films. The leakage current density
decreases with Mn doping and found to be very small
(107" A/em™) for 1% Mn-doped BaTiOj5 thin films.
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