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Tunable Ba0.5Sr0.5TiO3 film bulk acoustic resonators

using SiO2/Mo Bragg reflectors∗
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Tunable and switchable Ba0.5Sr0.5TiO3 film bulk acoustic resonators (FBARs) based on SiO2/Mo Bragg reflectors

are explored, which can withstand high temperature for the deposition of BaxSr1−xTiO3 (BST) films at 800 ◦C. The

dc bias-dependent resonance may be attributed to the piezoelectricity of the BST film induced by an electrostrictive

effect. The series resonant frequency is strongly dc bias-dependent and shifts downwards with dc bias increasing, while

the parallel resonant frequency is only weakly dc bias-dependent and slightly shifts upwards at low dc bias (< 45 V)

while downwards at higher dc bias. The calculated relative tunability of shifts at series resonance frequency is around

−2.3% and the electromechanical coupling coefficient is up to approximately 8.09% at 60-V dc bias, which can be

comparable to AlN FBARs. This suggests that a high-quality tunable BST FBAR device can be achieved through the

use of molybdenum (Mo) as the high acoustic impedance layer in a Bragg reflector, which not only provides excellent

acoustic isolation from the substrate, but also improves the crystallinity of BST films withstanding higher deposition

temperature.
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1. Introduction

Thin film bulk acoustic resonators (FBARs) us-

ing piezoelectric aluminum nitride (AlN) and zinc ox-

ide (ZnO) have been widely used in mobile phones for

duplexer and filter in radio frequency (RF) front ends.

These components have advantages of small size, low

insertion loss, high power carrying capacity, and in-

tegration with complementary metal–oxide semicon-

ductor (CMOS) technology.[1] However, with the de-

velopment of wireless communication technology, it is

essential to require a filter[2] which can be tuned to

accommodate operation in different frequency bands

for a mobile phone with multiple functions. Tun-

able FBARs using the traditional piezoelectric ma-

terials, AlN and ZnO, are not very promising due to

a very low tuning or tuning speed, and power con-

sumption issues.[3,4] Tunable FBARs of lead zirconate

titanate (PZT) with relatively high tunability have

been reported; but one problem for practical appli-

cations is the hysteresis due to the polar phase of the

material.[5,6] Compared with the traditional materials,

BaxSr1−xTiO3 (BST) film is in paraelectric phase at

room temperature without piezoelectricity; however,

under an applied dc bias, BST film induces piezoelec-

tric effect due to electrostriction, which is nonlinear[7]

with respect to the mechanical deformation. Tunable

FBARs,[8,9] filters,[10,11] and RF switches[12,13] have

been reported using BST film based on this feature,

which makes integrated tunable circuit components

possible for wireless communication systems with low

loss, high quality factor, and low control voltage.

A solidly mounted thin-film bulk acoustic res-

onator (SMR)[14−18] has a high mechanical strength,

where the Bragg reflector usually consists of many

quarter wavelength layers of alternating high and low

acoustic impedances, providing the necessary acous-

tic isolation from substrates. The SMR structure pro-

vides zero acoustic impedance for the top interface and

an acoustic impedance of almost zero for the bottom

interface where the acoustic reflector layer reflects the

acoustic wave back to the piezoelectric layer. During

resonator operation, at any of the interfaces between
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high and low impedance layers, a large percentage of

the waves will be reflected, which are superposed up

with the correct wave. It presents an apparent zero

impedance at the interface as the case in the ideal free

air resonator structure. Compared with the deposi-

tion of AlN film, the deposition of the high-quality

BST crystalline films requires a relatively high tem-

perature, typically above 600 ◦C.[19] So it is essen-

tial to avoid oxidation or diffusion of Bragg reflec-

tors withstanding the high temperature in oxygen at-

mosphere required for the deposition of high-quality

BST films. At present, various kinds of SMRs fab-

ricated on Ag/SiO2,
[20] W/SiO2,

[19,21] AlN/SiO2,
[22]

and Pt/SiO2
[23] reflectors have been reported. How-

ever, most of these Bragg reflectors do not withstand

the high deposition temperature required for BST.

Aluminium (Al), platinum (Pt), tungsten (W), and

gold (Au) metals each have a low acoustic impedance,

which is disadvantageous for their use in Bragg re-

flectors. Compared with these Bragg reflector ma-

terials, molybdenum (Mo), having a high acoustic

impedance, is suggested to be more suitable for high-

quality SMRs. In this paper, the SiO2/Mo Bragg

reflectors are utilized where the BST films are de-

posited by magnetron sputtering at 800 ◦C, the re-

sulting BST thin film bulk acoustic resonators show

excellent tunable properties. The shift at series res-

onance frequency is observed to be −2.3% under an

applied 60-V dc bias, and the maximum electrome-

chanical coupling coefficient is approximately 8.09%,

which is comparable to that of AlN FBARs.[24,25]

2. Experiment

The devices were fabricated starting with a silicon

wafer, therefore allowing future integration of other

passive microwave components. The wafer surface

was dry oxidized resulting in 300-nm thick SiO2 layer.

The FBARs were implemented as solidly mounted de-

vices with a Bragg reflector, as shown in Fig. 1. The

Bragg reflector was composed of three layers of alter-

nating high and low acoustic impedances (Mo/SiO2).

The Mo and SiO2 layers were deposited by electron

beam evaporation onto the silicon substrate at 300 ◦C.

Prior to the preparation of the film, an approximately

20-nm Ti adhesion layer was evaporated on each layer

to improve the adhesion of the film. Square-shaped
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Fig. 1. (a) Schematic structure, (b) the top view, and (c)

the cross-sectional SEM image of an FBAR device. The

cross-sectional SEM image was achieved before the top

electrode was deposited.
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Fig. 2. XRD pattern of the deposited BST film for the FBAR.

Pt bottom electrodes with a 260-µm long edge were

patterned by evaporation and using the lift-off pro-

cess. The BST films were deposited by radio fre-

quency (RF) magnetron sputtering using a paraelec-

tric Ba0.5Sr0.5TiO3 target at 800 ◦C, followed by an-

nealing at 800 ◦C for 2 h to further improve the crys-

tallinity of the ferroelectric films. In our experiment,

the structural phase composition and crystallization

of the device were characterized by X-ray diffraction

(XRD), using a Dandong DX-2000 type X-ray diffrac-

tometer with Cu Ka radiation. The X-ray wavelength

is 0.15406 nm. The sharp and strong BST peaks in the

XRD pattern shown in Fig. 2 reveal the excellent crys-

tallinity of the prepared BST thin films. The Pt top

electrode was designed with a circular radius of 28 µm.

Effective capacitive coupling to the bottom electrode
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is provided by the large area outer electrode, which is

also suitable for measurement using cascade ground-

signal-ground microprobes. The preparation proce-

dure for the Pt top and outer electrodes was identi-

cal with that of the bottom electrodes. A top-view

photograph of a fabricated FBAR device is shown in

Fig. 1(b). The cross-sectional scanning electron mi-

croscope (SEM) image in Fig. 1(c) indicates that all

layers in the reflector stack are still well defined af-

ter the high temperature BST film growth. Table 1

gives the thickness of each layer of the prepared BST

FBARs upward from the silicon substrate. The thick-

ness of the top electrode was tested by using a Dektak

150 surface profilometer.

Table 1. Layer thickness of the BST FBAR device upwards from the substrate.

Layer Mo SiO2 Mo SiO2 Mo SiO2 Pt Ba0.5Sr0.5TiO3 Pt

Thickness/nm 39 4212 406 399 316 412 110 530 80

Error/nm 11 12 13 12 14 15 10 14 80

3. Results and discussion

Single port reflection coefficient measurements

were fulfilled in a frequency range of 2.5 GHz–

4.5 GHz using ground-signal-ground microprobes

and an E5071C network analyzer. The return loss

of a BST film bulk acoustic wave resonator with

a Mo/SiO2 Bragg reflector is shown in Fig. 3. At

zero bias, there is no resonance. The reflection co-

efficient S(1,1) is almost a constant of −1.6 dB, so

the BST FBAR acts as a simple capacitor, which

is possibly due to the BST film being in paraelec-

tric phase without piezoelectricity. However, under

an applied direct current (dc) voltage, the resonance

is observed. This means that the BST FBAR is

switched on or off depending on whether a dc bias

is applied to the device or not. We also notice

that the resonance becomes more pronounced and

can be tuned by increasing the dc bias. The inset

in Fig. 3 shows that the tunability of the resonator

where the resonant frequency shifts upwards at low

dc bias while downwards with dc bias increasing.
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Fig. 3. (colour online) Measured return losses of the tun-

able bulk acoustic wave resonator at different dc bias volt-

ages and the inset displays the magnification near the res-

onance frequency, showing the tunability of the device.

When a 45-V dc bias is applied, the strongest reso-

nance with a maximum frequency is detected and the

return loss reduces to −30.7 dB. The field-dependent

resonance may be attributed to the piezoelectricity of

the BST film induced by the electrostrictive effect.

The bias-dependent tunabilty of the BST FBAR

resonator can be further demonstrated in Fig. 4,

which shows the magnitude of the measured input

impedance of the resonator near the resonant fre-

quency. The applied dc bias varies from 0 V to 60 V.

The maximum in the input impedance magnitude cor-

responds to the parallel resonant frequency fp, and the

minimum input impedance corresponds to the series

resonant frequency fs. The input impedance magni-

tudes of parallel resonant frequency under different dc

bias voltages quickly increase with dc bias increasing.

The max input impedance magnitude of parallel reso-

nant frequency under 60-V dc bias can be up to 65 Ω.

The result can directly indicate that the electrostric-

tion in BST FBAR increases with dc bias increasing.
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Fig. 4. (colour online) Magnitudes of the input

impedance (Zin) at different dc bias voltages with the

inset displaying a magnification of the series resonant

frequency, and so showing the tunability of the device.

106801-3



Chin. Phys. B Vol. 21, No. 10 (2012) 106801

While the minimum input impedance, corresponding

to series resonant frequency fs, changes a little.

The parallel and series resonant frequencies each

as a function of applied dc bias are plotted in Fig. 5.

The series resonant frequency fs is strongly bias-

dependent and decreases obviously, which is nearly

linear from 3.760 GHz at 5 V to 3.673 GHz at 60 V

dc bias, as can be seen from Fig. 5. The calculated

relative tunability of the shift at series resonance fre-

quency is around −2.3%. The tuning features of the

series resonant frequency can be explained by com-

bining the classical results of the FBAR theory of fer-

roelectrics. In the induced piezoelectricity, the elec-

tromechanical coupling coefficient k2t and the elas-

tic constant are dc bias dependent,[4] which leads to

the tuning of the series resonance frequency. How-

ever, the parallel resonant frequency fp shows much

weaker dc bias dependency. The parallel resonance

frequency fp shifts upwards slightly with bias increas-

ing from 3.795 GHz at 5-V dc to 3.805 GHz at 45-

V dc, then tremendously decreases to lower frequen-

cies. The shifts toward lower frequencies usually may

be attributed to the increased thickness of ferroelec-

tric film due to bias-induced electrostrictive effect. In

this study, however, we note that the upshift of par-

allel resonant frequency at lower bias dc (< 45 V) is

also observed. This positive tunability has been theo-

retically predicted based on Landau theory[26,27] and

electromechanical equations,[3] which suggests a cor-

relation with the negative nonlinear electrostriction

coefficient dependent on the structural phase of the

ferroelectric material.

The electromechanical coupling coefficient k2t was

extracted from

k2t =
π

2

fs
fp

tan
[π
2

(fp − fs
fp

)]
,

where fs and fp are the series and parallel reso-

nant frequencies, respectively, and plotted in Fig. 5

as well. The electromechanical coupling coefficient k2t
is nearly linear with respect to the increase of dc bias.

The value at 60-V dc bias corresponds to 8.09% of

a k2t value, which is comparable to that of an AlN

FBAR.[24,25] This suggests that the significant im-

provement on electromechanical coupling coefficient

in a BST FBAR device can be achieved through using

molybdenum (Mo) as high acoustic impedance layer

in the Bragg reflector, which not only provides ex-

cellent acoustic isolation from the substrate, but also

improves the crystallinity of BST films withstanding

higher deposition temperature.
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Fig. 5. (colour online) Electromechanical coupling coef-

ficient k2t , series resonance frequency fs, and parallel fre-

quency fp versus dc bias voltage. The dc bias increases

from 5 V to 60 V in steps of 5 V.

Figure 6 shows the quality factor of the

FBAR resonator, which is calculated from Q =

f/2(∂ϕ/∂f)|ϕ=fres
, where ϕ and fres are the phase

and the resonance frequency, respectively. Over the

wide bias range the quality factor is above 70 with a

maximum value of 82 at 45-V dc bias. The limited

quality factor of our device can be improved by using

an appropriately designed layout where the test probe

tip is off the device to free the pressure applied by the

tip, and using thinner top and bottom electrodes. A

further study is still in progress.
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Fig. 6. Variation of quality factor of a tunable FBAR

device with dc bias voltage.

Table 2 lists the properties of the solidly mounted

BST FBARs with different Bragg reflectors. The mea-

surement results of our device with a SiO2/Mo reflec-

tor are given in the last row. Compared with the de-

vices with other reflectors, our device demonstrates

improved tunability and electromechanical coupling

coefficient.
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Table 2. Comparisons among the performances of the solidly mounted thin film bulk acoustic resonators with

different Bragg reflectors. The tunabilities with superscript are derived from the results in the references, and —

denotes the electromechanical coupling coefficient k2t that is not given here.

BaxSr1−xTiO3
Bragg Deposition Resonant Tunability

k2t /(%)
Quality

reflectors temperature/◦C frequency/GHz of fs(%) factor

x = 0.25[19] SiO2/W 600 5.14 −1.5 — 150–200

x = 0.25[20] SiO2/Au 650 4 −1.2 0.5 120

x = 0.25[21] SiO2/W 600 5 −0.9@ — 250

x = 0.25[22] SiO2/AlN > 600 5 < −1@ 3 135

x = 0.5 SiO2/Mo 800 3.8 −2.3 8.09 82

4. Conclusion

Using molybdenum (Mo) as high acoustic

impedance layer for BST solidly mounted thin film

bulk acoustic resonators not only provides excellent

acoustic isolation from the substrate, but also im-

proves the crystallinity of BST films due to high depo-

sition temperature (800 ◦C). The cross-sectional SEM

image of the device indicates that the layers in the

reflector stack are still well defined after BST film

growth. The reflection coefficients S(1,1) can be re-

duced to −30.7 dB under 45-V dc bias, which re-

veals the strong electrostriction effect of BST ferro-

electric film. The series resonant frequency is strongly

dc bias-dependent and shifts downwards with the in-

crease of dc bias, while the parallel resonant frequency

is only weakly dc bias-dependent and shifts upwards

with the increase of dc bias at low dc bias (< 45 V).

The tunability is consistent with that from previous

theory. Above 45 V, the parallel resonant frequency

decreasing tremendously to lower frequencies usually

may be attributed to the increased thickness of fer-

roelectric film due to the bias-induced electrostrictive

effect. The calculated relative tunability of shifts at

series resonance frequency is around −2.3% and the

electromechanical coupling coefficient is up to approx-

imately 8.09% at 60-V dc bias. The bias-dependent

quality factor is far lower than that of single crystal

BST. Thus there is room for substantial improvement

of the quality factor of the resonator to meet the need

of tunable filters.
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