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Radio frequency magnetron sputtering technique is used to deposit Ba0.65 Sr0.35 TiO3 (BST) thin films on
fused quartz substrates. In order to prepare the high quality BST thin films, the crystallization and microstructure of the films were characterized by X-ray diffraction, field emission scanning electron microscopy
and atom force microstructure. The more intense characteristic diffraction peaks and better crystallization
can be observed in BST thin films deposited at 600 ◦ C and subsequently annealed at 700 ◦ C. The refractive
index of the films is determined from the measured transmission spectra. The dependences of the refractive
index on the deposition parameters of BST thin films are different. The refractive index of the films increases
with the substrate temperature. At lower sputtering pressure, the refractive index increases from 1.797 to
2.179 with the pressure increase. However, when the pressure increases up to 3.9 Pa, the refractive index
instead reduces to 1.860. The oxygen to argon ratio also plays an important effect on the refractive index of
the films. It has been found that the refractive index increases with the ratio of oxygen to argon increasing.
The refractive index of BST thin films is strongly dependent on the annealing temperature, which also increases as the annealing temperature ascends. In one word, the refractive index of BST thin films is finally
affected by the films microstructure and texture.
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The object of this paper is to prepare the high quality
BST thin films and obtain the relationship between the
refractive index of BST thin films and the deposition
parameters (the substrate temperature, the sputtering
pressure, the ratio of argon to oxygen, and the annealing temperature). It is believed that the dependence of
the refractive index of BST thin films on the substrate
temperature, the sputtering pressure, the ratio of argon
to oxygen and the annealing temperature should be important to optimize the design of electro-optic devices,
to improve the potential performance to ferroelectric
thin film electro-optic devices.

I. INTRODUCTION

Ferroelectric thin films are very promising for a wide
range of applications such as uncooled infrared detectors and focal plane arrays [1], nonvolatile memories
with low switching voltage [2], planar waveguides [3],
and electro-optic devices [4]. Among these materials,
Ba1−x Srx TiO3 thin films have attracted much attention because of its unique combination of large dielectric constant, high refractive index, large electro-optic
coefficient and low optical losses [5-9].
There have been several reports on the electrical and
ultraviolet-visible optical properties of Ba1−x Srx TiO3
thin films [10-14]. Recently, Roy et al. reported the
optical property in sol-gel derived Ba0.5 Sr0.5 TiO3 thin
films using a 0.1 mol/L precursor solution [15]. Xu et al.
reported the optical properties of Ba0.7 Sr0.3 TiO3 thin
films [16]. However, no more detailed refractive index
of Ba1−x Srx TiO3 thin films has been provided. So far,
most studies in ferroelectric thin films have focused on
the general optical properties, and, to our knowledge,
there are no comprehensive reports concentrating on the
refractive index of BST thin films varying with the deposition parameters, especially, the sputtering pressure
and the ratio of argon to oxygen.

II. EXPERIMENTS

Radio frequency (RF) magnetron sputter techniques
have been used to deposit BST thin films on fused
quartz. The BST ceramic target was prepared from
high purity BaCO3 , SrCO3 , and TiO2 powders (purity
99.9%) using standard solid-state process. The powders
were mixed in the planetary milling for 4 h using a plastic container with agate balls. Disk-shaped specimens
of 70 mm in diameter and 3 mm in the thickness were
obtained by the uniaxial pressing at 100 MPa. The disklike BST is sintered at 1100 ◦ C for 2 h and at 1350 ◦ C
for 2 h in order to densify the target.
The substrates were rinsed in acetone, ethanol, distilled water with a supersonic wave apparatus, and dried
by nitrogen gas sequentially before being loaded into the
growth chamber.
With a fixed target-to-substrate distance, the sput-
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tering was carried out in an Ar and O2 (99.99%) atmosphere by supplying 120 W RF power at a frequency of
13.56 MHz. A cryo-pump, coupled with a rotary pump
was used to achieve 10 µPa pressure before introducing
Ar and O2 . A mixture of oxygen and argon at various
mixing ratios ranged from 1:1 to 1:4 with a total flow
of 24 sccm. During the sputtering, the substrate temperatures were kept at room temperature (RT), 560,
600, or 650 ◦ C. The temperature was controlled using
a feedback-controlled heater. The films were cooled to
room temperature before removing them from the deposition system oxygen at a temperature of 650, 700,
750, or 800 ◦ C for 2 h in a tube furnace. Post annealing in oxygen was done to reduce any oxygen deficiency
in the films.
Crystalline phases of the BST samples were identified by X-ray diffraction (XRD, Rigakn D/MAX-IIIC).
The XRD operating parameters included a Cu Kα
of wavelength λ=0.154176 nm, scan speed of 5◦ /min,
and scan range 20◦ -67◦ . The surface microstructure
and cross-sectional morphology were observed by field
emission scanning electron microscopy (FESEM, JOEL
JSM 6700F). The surface morphology was examined by
atomic force microscopy (AFM; Digital Instruments,
Nano-Scope IIIA). The optical transmission spectrum
of BST films were measured in the wavelength range
of 190-900 nm using a double beam ultraviolet-visible
spectrophotometer (Shimadzu UV-1601 UV/VIS). The
envelope method was used to calculate the optical constants.

III. RESULTS AND DISCUSSION
A. The preparation

The crystallinity of BST films deposited on fused
quartz substrate was investigated by XRD spectrum
analysis as shown in Fig.1. Figure 1 shows XRD pattern
of BST thin films deposited at 600 ◦ C and subsequently
annealed at 700 ◦ C. It is evident that the film have
a perovskite phase with a pseudocubic structure, and
the observed diffraction peaks are (100), (110), (111),
(200), and (210) within the 2θ range from 20◦ to 67◦ .
The results show that the films are polycrystalline without a preferred orientation and contain the perovskite
phase only. It is also found that the characteristic XRD
peaks is sharp and more intense, indicating an better
crystallinity.
Figure 2(a) shows the surface morphology of
Ba0.65 Sr0.35 TiO3 thin film prepared by RF magnetron
sputtering. It can be noted from Fig.2(a) that the surface of the BST film annealed at 700 ◦ C is smooth,
crack-free and pore-free. The grains of the BST film are
evenly distributed and the average grain size is about
50 nm, indicating that Ba0.65 Sr0.35 TiO3 thin films annealed at 700 ◦ C have a welldefined microstructure.
Figure 2(b) shows a cross-sectional FESEM image of
DOI:10.1088/1674-0068/20/06/706-710
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FIG. 1 The XRD patterns of BST thin films deposited at
600 ◦ C and subsequently annealed at 700 ◦ C.

100 nm

100 nm
(a)

(b)

FIG. 2 FESEM photographs of BST thin films deposited at
600 ◦ C and annealed at 700 ◦ C. (a) The surface photograph,
(b) The cross-sectional photograph.

BST film deposited at 600 ◦ C and a pressure of 3.9
Pa, and annealed at 700 ◦ C in a horizontal quartz tube
furnace. It can be noted from the picture that the interface between the film and the substrate is sharp and
clear, which indicates that the film integrates with the
substrate closely and there is no obvious interdiffusion
between the film and the substrate.
The AFM morphology also indicates that the film is
dense and fine-grained. The average surface roughness
of BST thin films is about 10 nm. This fine-grained
thin film with a higher packing density and a smaller
roughness is more suitable for various optical applications than other ferroelectric thin films [17].
From XRD pattern, and FESEM and AFM images,
the above parameters are considered as the optimum for
the deposition of Ba0.65 Sr0.35 TiO3 thin films on fused
quartz substrates.
Figure 3 shows the optical transmittance spectra of
BST thin films deposited on fused quartz and subsequently annealed at 700 and 800 ◦ C, respectively. The
transparency of the films increases sharply at a wavelength of 320 nm, and is above 60% for wavelengths
longer than 460 nm. The transparency of the films decreases when postdeposition temperature increases. It
is also noted that the absorption edge of the thin film
shifts towards longer wavelengths (i.e., lower energy)
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FIG. 3 Optical transmittance spectra of BST thin films deposited on fused quartz substrates: (a) 700 ◦ C (−−); (b)
800 ◦ C (—).
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where Eg is the energy gap, me and mh are the effective masses of the electron and the hole, respectively,
R is the radius of the nanocrystallite, ε is the dielectric
∗
is the effective Rydberg energy. The
constant, and ERy
first, second, and third terms on the right side of Eq.(1)
correspond to gap energy, size localization energy, and
Coulomb interaction energy, respectively, whereas the
fourth term arises from the spatial correlation effect,
which is usually small. Using Eq.(1), it was shown that
the magnitudes of the second and third terms increase
with decreasing crystallite size, thereby leading to a
change in the eigenenergy state of nanocrystallites and
causing a shift of gap energy with decreasing crystallite
size. It can be explained by the absorption shifting at
different crystallite sizes of the thin films [20].

B. The refractive index

The refractive index n of BST thin films has been
determined from the transmittance spectrum following
the envelop method of Manifacier et al. [21]. The refractive index of BST thin films as a function of wavelength
is shown in Fig.4. As can be seen the refractive index in
the visible wavelength range is in the reasonable range
of 1.85-2.13. The optical function of BST thin films has
shown the normal dispersion of the refractive index in
the visible range [22].
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FIG. 4 Refractive index of Ba0.65 Sr0.35 TiO3 thin films as a
function of wavelength.

The refractive index is also a function of substrate
temperatures. The observation shows a 10% variation
of refractive index for BST thin films deposited over a
substrate temperature range of 560 ◦ C to 650 ◦ C without annealing. It can be observed the refractive index
increased from 1.778 to 1.961 with substrate temperature rising from 560 ◦ C to 650 ◦ C.
This could be due to the following two reasons. One is
the mobility of the particles at different temperatures.
At low substrate temperature, the particles with low
surface mobility will be located at different positions
within the substrate [23]. The low mobility of the particles is not benefit for forming the homogeneous and
compact films. The lower packing density, oxygen deficiency and grain boundary result in the lower refractive
index of BST thin films.
The other is the minimum total energy of the films.
Films grow in such a way that the total energy is minimized [24]. The total energy in any film deposited on
a substrate is the sum of three components: the surface energy of the films, the films-substrate interface
energy, and the strain energy in the films [25]. At high
temperature, the films are inclined to grow in StranskiKrastanov model [26]. At the earliest stage of film formation, the film surface that grows in Frank-van der
Merwe model has higher surface energy. In order to
release the energy, the particles try to transfer the exposed crystal plane to the crystal plane with lower energy. The minimum of the total energy of the films is
benefit for forming quality films. The increase of the
refractive index with substrate temperatures is result
form the high quality films formation.
In Fig.5 the refractive index is plotted vs. pressure.
In the range of the sputtering pressure from 0.37 Pa to
2.5 Pa, the refractive index of as-deposited BST thin
films increased from 1.797 to 2.179 with the sputtering
pressure increasing. But when the sputtering pressure
increases up to 3.9 Pa, the refractive index reduced to
1.860. The behavior of the refractive index results from
the different effect of the sputtering ions by the pressure
c
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FIG. 5 The curve of refractive index of as-deposited thin
films vs. pressure (at λ=550 nm).

during the sputtering.
We assume that the Ar gas atoms after entering the
chamber are ionized. At low sputtering pressure, the
number of the sputtering ions (Ba2+ , Sr2+ , or Ti4+ ) is
few and the mean free path of sputtering ions is long.
The sputtering ions with high kinetic energy would
bring about resputtering. This reduces the films are
provided with porosity. Hence, there is excessive scattering of the light in the wavelength region.
During the deposition, the sputtering ions that collide
with Ar ions are scattered out of the flight path of the
plume between target and substrate. When the sputtering pressure increases, we should take into account
of the scattering of the sputtering ions. With the sputtering pressure increasing, the number of the sputtering
ions obvious ascends. At the same time, the scattering
of the sputtering ions is not strong. Therefore, the deposition rate reaches the maximum on the base of both
two factors. The high deposition rate results in the films
become compact and the grain size becomes larger [27].
Then the scattering of the light falls into a decline in
the wavelength region, the refractive index of BST thin
films increases.
When the sputtering pressure continues to increase,
the scattering of the sputtering ions evidently becomes
strong. The number and the kinetic energy of the sputtering ions that can reach the substrate rapidly descend.
In this case, the films are full of defects, such as pores,
impurities, and oxygen deficiency. Therefore, there is a
relatively small reduction of the refractive index.
The ratio of oxygen to argon also has an important
effect on properties of BST thin films prepared by RF
magnetron sputtering. The oxygen to argon ratio affects the refractive index of as-deposited BST films.
The refractive index has been found to increase from
1.998 to 1.860 with the ratio of oxygen to argon. This
behavior may result from the change of the film stoichiometry, structure and texture, which are effected
by the oxygen to argon ratio on two points. On one
hand, the atomic mass of Ba is heavier than that of
DOI:10.1088/1674-0068/20/06/706-710
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FIG. 6 Refractive index curve of Ba0.65 Sr0.35 TiO3 thin films
for as-deposited and post-deposited annealed at 650, 700,
750, and 800 ◦ C (at λ=550 nm).

Sr, therefore the Ba atomic sputtering rate is relatively
decreased when the ratio of oxygen to argon increases,
and a high temperature deposition of BST film under
non-oxidizing atmosphere, such as Ar, generally produces oxygen vacancies in the film [28]. On the other
hand, the sputtered atoms collision increases which was
caused by the increase of oxygen atoms and the mean
free path being shorter. As a result, the film stoichiometry, structure and texture have been improved as the
ratio of oxygen to argon increases. Thus, the refractive
index of the films increases.
The refractive index of BST films is strongly dependent on the processing techniques. BST thin films have
been deposited at 600 ◦ C with the sputtering pressure
of 2.5 Pa and the oxygen to argon ratio of 1:4. In succession, the as-deposited films anneal at 650, 700, 750, or
800 ◦ C. As shown in Fig.6, the refractive index increases
with annealing temperature increasing. The increase
of refractive index can be attributed to the sputtering
process that produces films with porous microstructure
and consequently a packing density is lower than unity.
However, as the annealing temperature increases, both
mass and packing density of the films increase, resulting in an increase in the refractive index. The relationship between the packing density and refractive index
of films has been discussed in detail by earlier works
and it has been found that when the film achieves the
buck value of index its packing density is the highest
[29]. Thus, it is reasonable to assume that one of the
causes for increase in refractive index with temperature
for the films in the present case is the increase in their
packing density.

IV. CONCLUSION

Thin films of Ba0.65 Sr0.35 TiO3 (BST) have been prepared on the fused quartz substrates with radio frequency magnetron sputtering. XRD patterns shows
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BST thin films deposited at 600 ◦ C and subsequently
annealed at 700 ◦ C have a perovskite phase with a pseudocubic structure, and the observed diffraction peaks
are (100), (110), (111), (200), and (210) within the
2θ range from 20◦ to 67◦ , and the characteristic XRD
peaks is sharp and more intense. The FESEM and AFM
images indicated that the film was dense and finegrained
and the surface of the film was smooth, crack-free and
pore-free. The cross-sectional FESEM image revealed
that the film integrated with the substrate closely and
there was no obvious interdiffusion. The transparency
of the thin films decreased and the absorption edge of
the thin film shifted towards longer wavelengths with
increasing postdeposition temperature. And the refractive index of BST thin films has also been studied. It is
found that the substrate temperature, sputtering pressure, ratio of argon to oxygen and annealing temperature all affect the refractive index of BST thin films.
There is a 10% variation of refractive index for BST
films deposited over a substrate temperature range of
560 ◦ C to 650 ◦ C without annealing. This could be
due to the mobility and the total energy at different
substrate temperature. In the range of the sputtering
pressure from 0.37 Pa to 2.5 Pa, the refractive index of
as-deposited BST thin films increases with the pressure.
However, when the pressure increases up to 3.9 Pa, the
refractive index reduces to 1.860. The behavior of the
refractive index results from the number and the kinetic
energy of the sputtering ions. The refractive index has
been found to increase with the ratio of oxygen to argon. The main reason is the improvement of the film
stoichiometry and texture, which are affected by the ratio of oxygen to argon. The refractive index increases
with annealing temperature is due to the increase of the
packing density of the films. Finally, the refractive index of BST thin films is essentially affected by the films
microstructure and texture.
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