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Abstract Heteroepitaxial Ba0.7Sr0.3TiO3 thin films were

grown on (LaAlO3)0.3(Sr2AlTaO6)0.35 (001) (LSAT) and

SrTiO3 (001) (STO) single crystal substrates using pulsed

laser deposition (PLD). X-ray diffraction characterization

revealed a good crystallinity and a pure perovskite struc-

ture for films grown on both LSAT and STO substrates.

The in-plane ferroelectric and dielectric properties of the

films were studied using interdigital electrodes (IDE). The

film grown on LSAT substrate exhibited an enhanced in-

plane ferroelectricity, including a well-defined P-E hystere-

sis loop with the remnant polarization Pr = 10.5 μC/cm2

and a butterfly-shaped C-V curve. Nevertheless, only a slim

hysteresis loop was observed in the film grown on STO sub-

strate. Curie temperature Tc of the film grown on LSAT sub-

strate was found to be ∼105◦C, which is nearly 70◦C higher

than that of the bulk Ba0.7Sr0.3TiO3 ceramics. Tc of the film

grown on STO substrate has almost no change compared to

the bulk Ba0.7Sr0.3TiO3 ceramics. The dielectric tunabilities

were found to be 64% and 52% at 1 MHz for the films grown

on LSAT and STO substrates, respectively.
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Introduction

Thin films of barium strontium titanate (Ba1−x Srx TiO3 or

BST) have been very attractive to the microelectronic indus-
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try as good candidates for application in microwave devices,

such as tunable oscillators, delay lines and phase shifters

[1–5]. Thus, the fabrication of high-quality Ba1−x Srx TiO3

thin films possessing high dielectric tunability and low loss

tangent (tanδ) values have become very important techni-

cal issues for developing these materials for practical ap-

plications. Generally, as for the thin films, the dielectric

and ferroelectric behaviors are much more complicated in

comparison with bulk ceramics because of the size effect.

Many reasons for the size effect have been proposed, in-

cluding local polar regions near the charged defects like

oxygen vacancies, a dead layer near the interface and a

residual stress from the lattice mismatch or different ther-

mal expansion coefficients between the substrate and films

[6].

Stress in the thin films has been suggested to be one of

the key factors that induced the difference between the bulk

and film behaviors [7–9]. Besides the thermal expansion mis-

match, lattice mismatch between the substrate and the film

is a main origin of the internal stress. Therefore, it is essen-

tial to understand the substrate effect on the ferroelectric and

dielectric properties of Ba1−x Srx TiO3 thin film. We have re-

cently demonstrated that heteroepitaxy induced stress play a

distinct role in the in-plane ferroelectric and dielectric proper-

ties of Ba0.7Sr0.3TiO3 thin films grown on MgO (001) single

crystal substrates [10]. In this paper, we report the in-plane

ferroelectric and dielectric properties of Ba0.7Sr0.3TiO3 thin

films epitaxially grown on (LaAlO3)0.3(Sr2AlTaO6)0.35 (001)

(LSAT) and SrTiO3 (001) (STO) single crystal substrates. We

chose to determine the in-plane ferroelectric and dielectric

properties of the thin films not only because such properties

have been less extensively studied compared with traditional

parallel-plate capacitor structure, but also because the in-

plane configuration is directly relevant to the actual coplanar

devices.
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Experimental

Pulsed laser deposition (PLD) technique was employed in

this study to produce epitaxial Ba0.7Sr0.3TiO3 thin films since

PLD provides unique advantages for multicomponent oxide

films because it easily reproduces the stoichiometry of the

target in the deposited films. Ba0.7Sr0.3TiO3 films of approx-

imately 300 nm thickness were grown on cubic LSAT (001)

and STO (001) single crystal substrates by irradiating the sto-

ichiometric target with a laser beam of 248 nm wavelength

and 25 ns pulse duration from a KrF excimer laser (Lambda

Physik COMPex 250). The pulse energy of the laser beam

was 250 mJ and the repetition rate was 10 Hz. The distance

between the target and the substrates was fixed at 5 cm. The

substrate temperature was maintained at 750◦C. The oxygen

partial pressure was kept at 200 mTorr during the laser abla-

tion process. After deposition, the films were post-annealed

at 1000◦C in a tube furnace for 3 h to reduce the oxygen va-

cancies. The crystal structure of the BST thin films was ex-

amined using an X-ray diffractometer (Bruker D8 Discover)

equipped with Cu Kα radiation.

The dielectric permittivity and loss of the thin films

were determined along an in-plane direction on an inter-

digital electrode capacitor (IDC) with a configuration of

electrode/BST/LSAT or STO. The top Au interdigital elec-

trodes (IDEs) were deposited by r.f. magnetron sputtering

and patterned by photolithography and wet chemical etching

techniques. The IDE has a total of 21 fingers with the finger

length of 925 μm and finger width of 5 μm. The finger spac-

ing is 3 μm. The IDE was wire-bonded to a piece of PCB for

easy handling and better electrical contact in subsequent mea-

surements. The ferroelectric hysteresis loop was measured

using a TF Analyzer 2000 equipped with a FE-Module (HV)

(aixACCT) along the in-plane direction. The dielectric prop-

erties were measured using an HP 4294A impedance analyzer

connected to a temperature controlled chamber (Oxford). The

calculation from the capacitance of the film to obtain the di-

electric constant was conducted by using a MATHEMATICA

program developed based on Gevorgian’s model [11–12],

which has established the relationship between the capaci-

tance and the electrode size and the material properties.

Results and discussions

Figure 1 shows the typical θ /2θ X-ray diffraction (XRD) pat-

terns of the Ba0.7Sr0.3TiO3 thin films. Only strong (00l) peaks

appear in the XRD patterns, which implies that the BST thin

film has a pure perovskite phase. The in-plane alignment of

the BST thin film with respect to the major axes of the (001)

substrate was also confirmed by the XRD off-axis � scan of

the BST (202) and substrate (202) reflections, indicating an

epitaxial growth of the BST thin film. The rocking curve mea-

Fig. 1 XRD patterns of θ /2θ scan from Ba0.7Sr0.3TiO3 thin films de-

posited on (a) LSAT (001) and (b) STO (001) substrates. The insets are

rocking curves of the Ba0.7Sr0.3TiO3 thin films

surements of the BST (002) reflections revealed that the full

width at half maximum (FWHM) is about 0.14◦ and 0.12◦

for the films grown on LSAT and STO substrates, respec-

tively, as shown in the insets of Fig. 1. Lattice parameters

were determined from the XRD results. The lattice spacing

d002 and d202 were calculated, and then the out-of-plane lat-

tice parameter c(= 2 d002) and the in-plane lattice parameter

a = (2/

√
d−2

202 − d−2
002) were derived [13].

The in-plane and out-of-plane lattice parameters are

shown in Table 1. It is seen that both of the films have

Table 1 Lattice parameters of Ba0.7Sr0.3TiO3 thin films grown on

LSAT (001) and STO (001) substrates

Lattice parameters (Å)

Out-of-plane In-plane

Ba0.7Sr0.3TiO3/LSAT (001) 3.9706 3.9967

Ba0.7Sr0.3TiO3/STO (001) 3.9796 3.9365

LSAT 3.868 (cubic)

STO 3.901 (cubic)

Bulk Ba0.7Sr0.3TiO3 3.970 (cubic)
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a tetragonal structure, which is different from that of the

bulk ceramics, indicating that structures of the films have

been modified by the substrates. The film grown on STO

(001) substrate has a shortened in-plane lattice parameter and

an elongated out-of-plane lattice parameter. It is reasonable

since the STO has a comparatively smaller lattice parameter

which may cause a stress thus the in-plane lattice of BST

thin film was compressed while the out-of-plane lattice was

elongated as a result of an elastic deformation of the lattice.

Nevertheless, situation for the film grown on LSAT is more

complicated. The out-of-plane lattice has almost no change

but the in-plane lattice parameter has been noticeable elon-

gated. This seems somewhat different form the pure strain

effect. Other factor, such as oxygen deficiency, may be re-

sponsible for the unusual lattice distortion [14]. The lattice

mismatch will lead to the contraction of the lattice structure

while the oxygen vacancies lead to the tensile stress due to

the fact that oxygen vacancies affect the nearest neighbor dis-

tance by reducing the Coulombic attraction between cations

and anions. Though the oxygen ambient is used to prevent

the formation of oxygen vacancies in the deposited film, it

has been shown that oxide films grown using PLD are still

Fig. 2 In-plane ferroelectric hysteresis loops of Ba0.7Sr0.3TiO3 thin

films grown on (a) LSAT (001) and (b) STO (001) substrates

oxygen deficient [15]. In our case, oxygen deficiency is the

dominant factor that affects the lattice distortion.

A well-defined hysteresis loop was clearly observed, as

shown in Fig. 2(a) for thin film grown on LSAT (001) with

the remnant polarization Pr of 10.5 μC/cm2 and coercive

field Ec of 1.9 V/μm. This remnant polarization value is

much higher than that of Ba0.7Sr0.3TiO3 thin films grown

on Pt/Ti/SiO2/Si substrates [16]. But only a slim hystere-

sis loop was observed in the film grown on STO (001) as

shown in Fig. 2(b). In comparison with bulk Ba0.7Sr0.3TiO3

ceramics, the Pr of the film grown on LSAT (001) along the

in-plane direction has been significantly enhanced since the

bulk Ba0.7Sr0.3TiO3 ceramics have a cubic structure and do

not show obvious hysteresis loop at room temperature. It is

believed that the increased tetragonality (a/c increased from

1 to 1.0066) contributed to the enhanced ferroelectricity. In

contrast, it is easy to understand that the slim hysteresis loop

of the film grown on STO (001) was attributed to the com-

pressed in-plane lattice parameter. Normally, the substrate

will affect the measurement results in the coplanar electrode

configuration since the electric field may penetrate into the

Fig. 3 In-plane relative permittivity ε of Ba0.7Sr0.3TiO3 thin films

grown on (a) LSAT (001) and (b) STO (001) substrates as s function of

temperature
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substrate. The STO substrate has a high relative permittiv-

ity of ∼300 at room temperature, which may cause part of

the electric field penetrate into the STO substrate, thus the

electric field may not be so effective as expected in exciting

the in-plane ferroelectricity of the film grown on STO (001)

when interdigital electrodes were used.

Figure 3 shows the temperature-dependent in-plane rela-

tive permittivity ε of the BST thin films. The curve for film

grown on LSAT (001) exhibits a maximum in ε at Tc =105◦C,

which is about ∼70◦C higher than that of bulk Ba0.7Sr0.3TiO3

ceramics (Tc = 35◦C) [17]. The upward shift of Tc in the

Ba0.7Sr0.3TiO3 thin film along the in-plane direction is be-

lieved to be due to the elongation of the in-plane lattice pa-

rameter. In general, if there is a tensile stress along the in-

plane direction inside the film, then the Curie temperature of

the BST thin films is likely to shift towards the high temper-

ature direction. Conversely, a compressive stress may lower

the Curie temperature of the films. The film grown on STO

(001) shows a broadened ε-T curve with the Curie tempera-

ture at 40◦C, as shown in Fig. 3(b), which is almost the same

as that of bulk Ba0.7Sr0.3TiO3 ceramics. Broadening of ε-T
curve is presumably due to the diffusion of the STO sub-

strate into BST near the film-substrate interface thus a layer

of “gradient” BST thin film was formed near the interface.

Fig. 4 In-plane C-V and tanδ-V curves of Ba0.7Sr0.3TiO3 thin films

grown on (a) LSAT (001) and (b) STO (001) substrates at 1 MHz

The in-plane C-V characteristics of the BST films are

shown in Fig. 4 and both the films exhibit strong dependence

of ε on the applied dc bias field. The film grown on LSAT

(001) shows a butterfly-shaped ε-E and tanδ-E dependence

which is consistent with the enhanced in-plane ferroelec-

tricity observed in the P-E loop and ε-T measurements.

However, C-V characteristics of the film grown on STO (001)

do not show obvious hysteresis behavior. The maximum in-

plane dielectric tunabilities [�ε/ε = (εmax − εmin)/εmax] are

calculated to be 64% and 52% at 1 MHz under a moderated

dc bias field of 13.3 V/μm for the films grown on LSAT and

STO, respectively. Coplanar designs generally require higher

driving voltage and offer lower tunability in comparison to

the parallel-plate capacitors, but our results are comparable

with some of the reported data of BST films based on parallel-

plate capacitors [18–20]. It is noticed that the dielectric loss

at zero field for film grown on LSAT is higher than that of the

film grown on STO, which is probably due to the ferroelectric

phase in the film grown on LSAT.

Conclusions

The substrate effect on in-plane ferroelectric and dielectric

properties of the Ba0.7Sr0.3TiO3 thin films was studied in this

work. Heteroepitaxial Ba0.7Sr0.3TiO3 thin films were grown

on LSAT (001) and STO (001) single crystal substrates us-

ing pulsed laser deposition. Film grown on LSAT exhibits an

enhanced in-plane ferroelectricity with Pr = 10.5 μC/cm2

and a butterfly-shaped C-V curve. Curie temperature of the

film grown on LSAT shifts to ∼105◦C, which is nearly 70◦C

higher than that of the bulk Ba0.7Sr0.3TiO3 ceramics. The up-

ward shift of the Tc can be explained in terms of the elongated

in-plane lattice parameter induced mainly by the oxygen va-

cancies. However, the in-plane ferroelectric state of the film

grown on STO is close to those of bulk Ba0.7Sr0.3TiO3 ceram-

ics with a slim P-E hysteresis loop. Both of the films show

strong dependence of ε subjected to dc bias field. The di-

electric tunabilities were found to be 64% and 52% for films

grown on LSAT and STO at 1 MHz, respectively. This work

provides some useful information in substrate selection for

developing BST- based microwave devices.
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