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In-plane dielectric properties of epitaxial Ba0.7Sr0.3TiO3 thin films grown
on GaAs for tunable device application
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We have epitaxially deposited ferroelectric Ba0.7Sr0.3TiO3 (BST) thin films grown on GaAs

substrate via SrTiO3 buffer layer by laser molecular beam epitaxy. Structural characteristics of the

heterostructure were measured by various techniques. The in-plane dielectric properties of the

heteroepitaxial structure under different applying frequency were investigated from �190 to 90 �C,

indicating Curie temperature of the BST film to be around 52 �C. At room temperature, the

dielectric constant of the heterostructure under moderate dc bias field can be tuned by more than

30% and K factor used for frequency agile materials is found to be close to 8. Our results offer

the possibility to combine frequency agile electronics of ferroelectric titanate with the

high-performance microwave capabilities of GaAs for room temperature tunable device

application. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4749270]

I. INTRODUCTION

Perovskite oxides are very attractive materials which

can be used for a variety of devices.1–3 Among these devices,

frequency and phase agile microwave devices have wide-

spread applications. For electric-field tuning, the ferroelec-

trics of choice are mostly Ba1�xSrxTiO3, where the Curie

temperature depends on the Ba/Sr ratio, and can be adjusted

from 40 K for SrTiO3 (STO) to 398 K for pure BaTiO3.4,5

The high dielectric constant, low dielectric loss, and the

dielectric nonlinearity are the materials parameters that ena-

ble such applications. To date, the fabrication of titanate-

based tunable devices has been well done on single-crystal

oxide substrates such as MgO and LaAlO3 (LAO).6–8 How-

ever, the problems are the high cost of the substrates and the

fact that oxide substrates of MgO and LAO are only avail-

able in small geometries, which are not suitable for mass

production.9 Additionally, the use of oxide substrates

requires mounting complicated hybrid microwave integrated

circuits. Therefore, it is of great interest to combine the fre-

quency agile electronics of ferroelectric titanates directly

with the high-performance microwave capabilities of GaAs.

This interest is also driven by the affordability and large-size

availability of commercial GaAs wafers. Obviously, fabrica-

tion of high-quality heterostructures is the first step in the

realization of new integrated devices. Unfortunately, the

integration of perovskite titanates into the III-V’s technology

still represents a significant challenge. Compared to the

growth of perovskite titanates on Si, there is limited work on

the titanate/III-V’s heteroepitaxial structures. Many proper-

ties and functionalities of the heterostructures are unknown.

In our earlier work, epitaxial STO thin films were grown on

GaAs substrates.10 It is known that STO with a cubic perov-

skite structure has a relatively large dielectric constant and a

lattice parameter that is closely matched with a large number

of functional materials. Improved electrical properties of

functional oxides grown on STO buffered GaAs are pre-

sented.11,12 Hence, it is of great interest to explore the heter-

ostructure consisting of Ba1-xSrxTiO3 and GaAs, aiming at

room temperature tunable device. In this work, we have suc-

cessfully grown ferroelectric Ba0.7Sr0.3TiO3 (BST) thin films

on GaAs substrate via STO buffer layer by laser molecular

beam epitaxy (MBE). Structural and dielectric nonlinearity

of the heterostructure are presented.

II. EXPERIMENT

The BST thin films were deposited on STO buffered

high resistivity GaAs (001) substrate (q> 1� 106 X m) by

O2 flowing pulsed laser MBE system with an operation

wavelength of KrF (k¼ 248 nm). The distance between tar-

get and the substrate is 5 cm. The STO buffer layer was first

deposited on GaAs substrate as described in our previous

report.10 Briefly, the deposition temperature is set around

600 �C for STO thin film grown on GaAs. To prevent the ox-

idation of GaAs occurring, the chamber was evacuated to a

base pressure of 5� 10�5 Pa during the STO thin-film depo-

sition. The deposition time was 10 min when the laser repeti-

tion rate was kept at 1 Hz, resulting in an approximately

10 nm thick STO layer. After that, the STO/GaAs was heated

up to 620 �C and the oxygen partial pressure was fixed at

1 Pa for the subsequent BST deposition. A relatively small

oxygen pressure used here is to avoid possible oxidation of

GaAs, which could decrease the crystallinity of the hetero-

structure. The thickness of the BST thin film was around

300 nm. After deposition, the films were then in situ
annealed in ambient of 200 Pa oxygen pressure for 1 h before

being cooled down to room temperature in order to reduce

the oxygen vacancies.

The crystallographic characterization was performed by

a Rigaku SmartLab high resolution x-ray diffractometer

(HRXRD). The surface morphology of the BST thin films

was observed using an atomic force microscope (AFM)
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(Digital Instrument Nanoscope IV) in tapping mode. Interdi-

gital electrode (IDE) was used to test the in-plane dielectric

properties of BST thin films. Standard photolithography was

employed to make the IDE with 100-nm-thick Au top layer.

The in-plane dielectric properties of BST thin film were

measured using an HP 4294 A impedance analyzer con-

nected to an Oxford temperature controlled chamber

(�190 �C to 150 �C). The dielectric constant can be obtained

from the measured capacitances by using Gevorgian

model.13,14

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows a typical h-2h XRD scan of the thin

films. As observed from the figure, only (00l) peaks of the

BST appear in the diffraction patterns besides the peaks

from GaAs wafer. It suggests that the BST thin films have a

single perovskite phase and are highly oriented along c-axis.

Since the small thickness of STO layer, obvious peaks corre-

sponding to STO can not be found in Figure 1. Rocking

curve measurements indicate a full width at half maximum

(FWHM) value of 1.1� in the inset of Fig. 1(a). This value is

larger than that of the previously reported BST films on

single-crystal substrates. For example, the FWHM values of

BST thin films grown on MgO substrates and LAO sub-

strates are around 0.54� and 0.15�, respectively.15,16 At room

temperature, the lattice parameters for the bulk BST are

a¼ b¼ c¼ 3.965 Å.6 Calculation based on Figure 1(a)

results in c-axis lattice constants of 3.992 Å and 5.653 Å for

BST thin film and GaAs substrate, respectively. It was

observed that the lattice parameter of BST thin film is

slightly larger than that of bulk BST, which suggests that the

BST film suffered from a compressive strain caused by the

lattice mismatch between BST and the underlying cubic

STO buffer layer (a¼ 3.903 Å). In Figure 1(b), the off-axis

U scans of the BST film and GaAs are presented, in which

the (110) diffraction peak is used for the BST film. Only four

peaks, 90� apart, are shown for the BST films, which are at

the same angles with GaAs wafer. The measured results indi-

cate the BST film is epitaxially grown on the (001) surface

of STO and has an in-plane film-substrate orientation rela-

tionship of [100]BST||[100]STO||[110]GaAs. Typical AFM

images taken from the surface of the BST film in Figure 1(c)

confirm the high quality structure of the BST films. The as-

grown film has very smooth surface with a root-mean square

roughness values of 1.60 nm from AFM measurement. Such

good surface makes the thin films suitable for fabricating

devices with in-plane electrodes. Investigation of the interfa-

cial properties of BST/STO/GaAs is under way using trans-

mission electron microscopy and x-ray photoelectron

spectroscopy on our previously studied STO/Si.17 Prelimi-

nary results show that the interdiffusion may occur in the

titanate/GaAs system.

In Figure 2, the dielectric constant and normalized dissi-

pation factor of BST thin film deposited on STO/GaAs are

plotted as a function of frequency at room temperature. The

inset of Figure 2 shows the image of IDE configuration used

for dielectric measurement. The pattern possesses a total of

21 fingers with figure length of 925 lm, a finger width of

5 lm, and a finger gap of 2 lm. The relative permittivity of

the films decreases with increased frequency. The dielectric

loss of the film was found to be varied throughout the

whole measured frequency. The loss tangent values are

similar to those measured factor-frequency characteristics of

BST thin film on bare high-resistivity silicon reported in the

literature.18

Figure 3(a) shows the temperature-dependent in-plane

dielectric constant e of the BST thin film. The measurement

FIG. 1. (a) XRD pattern of BST/STO/GaAs (001) heterostructure. The inset

shows the rocking curve of BST (002). (b) Phi scan of the (110) diffraction

of the BST thin films on STO buffered GaAs substrate. (c) AFM image of

the BST thin film on STO buffered GaAs.

054110-2 Z. Yang and J. Hao J. Appl. Phys. 112, 054110 (2012)

Downloaded 26 Nov 2012 to 158.132.161.52. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



was conducted at four different frequencies as 1 kHz,

10 kHz, 100 kHz, and 1 MHz. The maximum dielectric con-

stant at these four frequencies was found to be 1100, 980,

900, and 780, respectively. Almost same value of Curie tem-

perature point is demonstrated for these four measuring fre-

quencies, which exhibits from curves at Tc� 52 �C. The

obtained value is about 19 �C higher than that of the bulk

BST material (Tc¼ 33 �C). The mechanism of shift in Tc of

the BST thin film along the in-plane direction is attributed to

the effect of in-plane tensile strain induced by the lattice mis-

fit. The in-plane strain s of the BST thin film can be calcu-

lated by using an equation s ¼ ðajj � a0Þ=a0, where ajj is the

lattice parameter of the BST thin film and a0 is the lattice pa-

rameter of bulk BST. Based on the lattice parameters, we

calculated from XRD results and the value of s is found to be

0.68%. It should be noted that the shift in Tc of our BST/

STO/GaAs heterostructure is not as significant as that

observed in BST thin film grown on other substrates in the

literature.6 Possible explanations for the difference could be

(1) the compressive strain induced by the STO buffer layer is

gradually relaxed as the film thickness increases, and (2) the

oxygen deficiency in the heterostructure. Another possible

cause for the shift of Curie temperature might be due to the

deviated ratio of Ba/Sr. The corresponding loss tangent data

are present in Figure 3(b). The value of tand was found to be

dependent on the temperature and frequency ranging from

0.021 to 0.045.

To examine the feasibility of making tunable devices by

combining the frequency agile electronics of BST with the

high-performance microwave capabilities of GaAs, we have

measured the electric-field dependence of the dielectric con-

stant and loss for the 300 nm BST film on STO/GaAs. As

shown in Figure 4, the heterostructure exhibits a butterfly-

shaped e-E and tan d-E dependence at room temperature.

The electric field Em, at which e is a maximum, is found to

be 0.7 V/lm. The maximum in-plane dielectric tunability is

calculated to be 30% at 1 MHz under a moderate electric-

field of 10 V/lm. The dielectric loss at zero field is relatively

high, which may be explained by the ferroelectric phase

induced by the strain.6 The commonly used figure of merit

for the quality of frequency and phase agile materials is a

simple approach for relating the tunability and dielectric loss

in a tunable material, the so-called K factor defined as4

K ¼ eð0Þ � eðEmaxÞ
eð0Þ

1

ðtandÞmax

; (1)

where (tand)msx is the maximum loss under all the applied

fields. The K factor at room temperature was obtained to be

�8 based on the result in Figure 4. The obtained tunability

and K factor of our BST films grown on GaAs are lower

compared to the reported BST film grown on MgO.6 How-

ever, our results are superior than the performance measured

from BST film grown on high resistivity Si substrate.18

FIG. 2. Dielectric constant and normalized loss of 300 nm BST film as a

function of frequency at room temperature. The inset is the image showing

the IDEs used for dielectric measurement.

FIG. 3. (a) In-plane dielectric constant and (b) dieletric loss of BST thin film

as a function of temperature.

FIG. 4. In-plane room-temperature dielectric constant and loss of BST thin

film as a function of electric field at 1 MHz.
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IV. CONCLUSIONS

In conclusion, heterostructure of BST/STO/GaAs were

fabricated by using O2 flowing laser molecular beam epitaxy

technique. The lattice orientation and surface structure have

been confirmed by x-ray diffraction and AFM. The dielectric

properties were also studied. Curie temperature point of BST

thin film shifts to around 19 �C higher than that of BST bulk

material. Butterfly-shaped C-V characteristic curves were

observed. A relatively large dielectric tunability of 30% was

found at 1 MHz. By considering the high-performance

microwave capabilities and large-size availability of com-

mercial GaAs, this work exhibits that the BST/STO/GaAs

heterostructure can be processed to be a new system for tuna-

ble microwave applications.
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