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Abstract Bag 5Sr( 5TiO3 thin films doped with different con-
centration of Ti, Mg and Al dopants were prepared by
pulsed laser deposition technique on LaAlOj3 substrates. The
crystalline properties of these doped thin films were stud-
ied using X-ray diffraction, micro-Raman scattering, atomic
force microscopy, and transmission electron microscopy.
The bandgap energies of BST thin films are determined
from the transmission and absorption measurements by the
ultraviolet-visible spectrophotometer. It was found out that
the bandgap energies of the doped BST thin films depend
strongly on the dopant concentration.

Keywords Band structure - Dopants - Ferroelectric thin
films

1 Introduction

Ba,Sr;_,TiO; (0<x <1) is one of the well-studied
perovskite material systems suitable for applications in
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high-density dynamic random access memories (DRAMs),
millimeter microwave integrated circuits (MMICs) and
electro-optic devices [1-6]. For high performance devices,
such as voltage tunable filter and phase shifter, it is neces-
sary to decrease the dielectric loss of Ba,Sr|_,TiO3 in the
form of thin film. The small bandgap energy around 3.5 eV
cannot meet the requirement of high barrier height and low
leakage current density for DRAM applications. Recently,
Ba, Sr;_, TiO3 thin films doped with additional elements or
oxides, including Al,O3, TiO,, MgO, W and Mn, demon-
strated the improvement of dielectric and electrical properties
[7-14]. The enhancement of bandgap energies has also been
found in Al-doped Bag 5519 5TiO3 (BST) thin films [15]. In
the present study, we systematically investigated the bandgap
energies and structural properties of Ti-, Mg- and Al-doped
BST thin films using the combination of various characteri-
zation techniques.

2 Experimental procedures

The Ti-, Mg- and Al-doped BST thin films were grown on
(100) LaAlOs single crystal substrates by pulsed laser depo-
sition (PLD) with a KrF excimer laser, operating at repetition
rate of 5 Hz with an average pulse energy of 250 mJ. The
targets of TiO,, MgO or Al,O3 plate were attached on the
surface of sintered BST, respectively. The coverage area of
TiO,/MgO/Al, O3 plate over BSTdetermined the concentra-
tion of Ti/Mg/Al in the deposited thin films. The deposi-
tion was carried outat a substrate temperature of 650°C and
post-deposition annealing wasdone in the PLD chamber at
the same temperature butwith a higher oxygen pressure. In
total, ten samples were prepared, including one pure BST
thin films, three each of Ti-, Mg, and Al-doped BST thin
films. The pure BST thin film was abbreviated to BSTO and
the Ti-, Mg- and Al-doped BST thin films were sequentially
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Table 1 The Ti, Mg and Al concentration
(at %) in the BST samples

Number
Conc.
0 %) 2% 3(%)
Type
BSTT 0 2 10 19
BSTM 0 2 1 17
BSTA 0 2 9 14

abbreviated to BSTT1, BSTT2, BSTT3, BSTM1, BSTM2,
BSTM3, BSTA1, BSTA2 and BSTA3. The dopant concen-
tration in the films was characterized by using X-ray pho-
toelectron spectroscopy (XPS) and analyzed by using peak
fitting, as listed in Table 1. The thickness of grown thin
films was around 500 nm measured by scanning electron mi-
croscopy (SEM). The grain size estimated from atomic force
microscopy (AFM) and transmission electron microscopy
(TEM) is around 15 nm in diameter.

The optical transmission spectra were recorded in the
wavelength range of 200-900 nm using double beam UV-VIS
spectrophotometer (UVS). A Philips CM 300 TEM and a
Digital Multimode Nanoscope IIIA AFM were used to char-
acterize the microstructures. X-ray diffraction (XRD) scans
were recorded using a GADDS XRD system. The micro-
Raman measurements were carried out at room temperature
using the JY-T64000 triple monochromator system attached
to a liquid nitrogen cooled CCD detector.

3 Results and discussion

In the optical absorption-related experiments, it is well
known that the fundamental absorption refers to the valence
band (VB)-to-conduction band (CB) transition, from which
the bandgap energy (E,) can be estimated by assuming a
direct transition between the bands [16]. The absorption co-
efficient « as a function of photo energy /v can be expressed
as

(@hv)*= C(hv — E,) (D)

where « is the absorption coefficient, 4 is Plank’s constant,
and v is the light frequency and C is a constant. Therefore,
the bandgap energies of the thin films can be obtained by
extrapolating the linear portion of the curves relating (ahv)?
and hv to (whv)? = 0. Here, we have measured the optical
transmission spectra of the BST thin films using UV-visible
spectrophotometer, from which the evolution of («¢hv)? as a
function of 4v was derived and thus the bandgap energies of
the films were obtained. Figure 1 shows the bandgap energies
versus the dopant concentration and the inset illustrates the
typical curve of (ahv)? as a function of photo energy for the
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Fig. 1 The bandgap energies versus the dopant concentration of BST
thin films. The inset illustrates the typical curve of (ehv)® as a func-
tion of hv and the way to accurately obtain the bandgap energy value
(denoted by an arrow)

BST thin films and the way to accurately obtain the bandgap
energy value (denoted by arrow). We can see that the bandgap
energies in all the cases increased with an increase in dopant
concentration.

To clarify the origin of the increased bandgap energies
due to an increased dopant concentration, the effects of var-
ious dopants on the structural properties of the BST thin
films have been investigated. Figure 2 shows the XRD spec-
tra of the pure and doped BST films. Figure 2(a) repre-
sents XRD spectra of the pure and Ti-doped BST thin films,
from which we can see that BST (100) and (200) peaks be-
came broader and weaker as the Ti concentration increases.
This implies that the Ti-doped BST films possess smaller
grains and presence of an amorphous phase could broaden
the peaks [10]. BST (110) and TiO, peak appeared in BSTT3
and this indicates the polycrystalline structure and the exis-
tence of TiO, phase in BST with highest Ti-doping [17].
Figures 2(b) and (c) are the spectra of Mg- and Al-doped
BST thin films, respectively. Similar to the case of Ti-doped
BST, the broadening and weakening of BST (100) and (200)
peaks upon increasing Mg and Al concentration indicates
smaller grain size and existence of an amorphous phase in
the samples. Polycrystalline structure and MgO phase ap-
peared in BSTM3 whereas a new unidentified phase appeared
in BSTA3. The existence of polycrystalline structures with
smaller grains and amorphous phase in the doped BST thin
films were further confirmed by AFM and TEM (not shown).
Similar observations are also reported by other researchers
[13, 14].

From XRD observations, we have also seen that both Ti
and Mg doping in BST results in a shift of (200) peak to
lower 26 values, which indicates an increase in the c-lattice
constant. Such a peak shift in the XRD spectra in doped BST
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Fig. 2 XRD spectra of the
samples: (a) pure and Ti-doped
BST thin films; (b) pure and
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films implies the existence of an in-plane compressive stress
component. In order to characterize the stress states in the
dopant modified BST films, we have carried out a system-
atic micro-Raman spectroscopic study. It is well known that
lattice dynamics of perovskites films determine the funda-
mentals of phase transitions. Raman spectroscopy measure-
ments on doped BST thin films would provide additional
information such as the contribution of biaxial stress and its
effect on the electronic bandgap. In general, the confinement
of phonons in the films with small grains leads to broaden-
ing and phonon softening and the phonon wave numbers are
also expected to shift towards higher/lower values depending
upon the compressive/tensile nature of the stress in the films
[4, 18, 19]. To obtain notable trends in the stress of the doped
BST thin films, one of the stress sensitive hard modes, TOy:
A((TO), has been studied in detail [20]. Figure 3 shows the
Raman spectra of the thin films after background signal was
deducted. Figure 3(a) is the spectra of the pure and Ti-doped
BST thin films, from which we can see that the peak of TO4
mode broadened and shifted towards higher values when Ti

concentration was increased. A large shift of 31 cm™' was
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obtained for BSTT3 sample. We believe that such a large
shift is a combined effect of the total stress and the smaller
grains in the doped BST thin films. Thus, it was found out that
Ti doping has caused an increase in the compressive strain
component in these BST films.

In contrast, the TO4 mode in the Raman spectra of Mg- and
Al-doped BST thin films showed no significant blue shift be-
sides broadening, as shown in Figs. 3(b) and (¢), respectively.
This indicates that doping Mg and Al caused the compres-
sive stress relaxation in the BST thin films. Such peak shift
is usually compensated by the grain size effect.

From the theoretical calculation based on density func-
tional theory, it was found out that the bandgap of BST is
dominated by the Ti atoms in perfect crystal. There is no
significant increase in the direct bandgap energies between
pure and Mg-doped BST films. The details of such calcu-
lations will be published elsewhere. Therefore, an increase
in the bandgap energy of semiconductor thin films could be
assigned to the quantum-size effect when the crystallite size
became very small [21, 22]. The existence of amorphous
phase and polycrystalline domains will modify the bandgap

Fig. 3 Raman spectra of TO4: T T T
A1(TO) mode of the samples: - TO
(a) pure and Ti-doped BST thin .
films; (b) pure and Mg-doped
BSTthin films; (c) pure and
Al-doped BSTthin films
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energy of the film [23]. The modification of bandgap energy
by stress in the thin films has been reported [24, 25]. And
for some cases it was also believed that polycrystalline thin
films had higher bandgap energies than single crystals [26].
Therefore, we believe that the increase of bandgap energies
of Ti-, Mg- and Al-doped BST thin films could be due to
a combination of quantum-size effect in small grains, exis-
tence of amorphous phase, as well as biaxial stress in the
films as confirmed by XRD, AFM, TEM and micro-Raman
measurements.

4 Conclusions

In conclusion, the bandgap energies of Ti-, Mg- and Al-
doped BST thin films prepared by PLD have been studied
and the structural properties are investigated using various
characterization techniques. Increase in dopant concentra-
tion leads to a smaller grain size and induce the formation of
amorphous phase in the films. Both Mg and Al caused com-
pressive stress relaxation in the films, while Ti dopant caused
an increased compressive stress. The increase of the bandgap
energies of the doped films is believed to be associated with
a combined effect of quantum-size effect, existence of amor-
phous phase, and presence of biaxial stress in the BST films.
At higher dopant concentration, the effect of polycrystalline
domains could further significantly contribute to the optical
and dielectric properties.
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