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A solidly mounted acoustic wave resonator was fabricated using a 150 nm thick SrTiO3 film

deposited by metal organic chemical vapor deposition and platinum electrodes deposited by

sputtering. The substrate was (0001) sapphire with a multilayer SiO2/Ta2O5 acoustic Bragg reflector.

Dielectric characterization of the SrTiO3 film showed low leakage current and the characteristic

capacitance–voltage behavior of a paraelectric film. Measurement of the radio frequency

transmission characteristics showed no resonance with zero bias voltage across the SrTiO3 film. At

1.0 V applied DC bias, a well defined resonance peak was observed near 5.6 GHz. With increasing

voltage across the SrTiO3 film, the resonance increased in intensity and shifted to lower frequency.

The calculated electromechanical coupling coefficient for the device was 1.3% in the range of 3–5 V

applied bias. The maximum observed quality factor was approximately 10. VC 2012 American
Vacuum Society. [http://dx.doi.org/10.1116/1.4757129]

I. INTRODUCTION

Resonator devices are important components for radio fre-

quency (RF) applications. Current technology surface acous-

tic wave (SAW) and bulk acoustic wave (BAW) resonators

are based on piezoelectric materials such as aluminum nitride.

These aluminum nitride based resonators are passive, fixed-

frequency devices, which are neither tunable nor switchable.

Recently, there have been demonstrations of voltage induced

electrostrictive resonance in thin films of perovskite materials

which are not inherently piezoelectric, such as SrTiO3
1,2 and

BaxSr1�xTiO3.3–7 Voltage controlled resonator devices have

been demonstrated using either free-standing film3 or solidly

mounted resonator (SMR)2,5,7 device geometries. These stud-

ies demonstrate the potential to develop RF resonators that

can be switched on/off or frequency-tuned using a low voltage

control signal. The resulting components could reduce cost

and increase performance for RF systems in a wide range of

communications, radar, and wireless data applications.

Previous work on voltage controlled resonator devices was

done using films prepared by pulsed laser deposition3,7 or

magnetron sputtering.1,2,5 To our knowledge, there are no

published reports of voltage-induced resonance for metal or-

ganic chemical vapor deposition (MOCVD) films. Investiga-

tion of acoustic resonance in MOCVD complex oxide films is

significant for several scientific and technological reasons.

MOCVD has the potential to produce higher quality complex

oxide films than either sputtering or pulsed laser deposition,

since no energetic ions are involved in the deposition process.

Furthermore, MOCVD is scalable to large substrate sizes and

allows conformal film deposition over device topography.

MOCVD also provides a simple and quantitative means for

compositional grading,8 which can improve dielectric proper-

ties for complex oxide films. As such, we have carried out a

comprehensive study to demonstrate an MOCVD process for

fabrication of voltage controlled RF resonator devices.

The active layer for the SMR device configuration was

chosen to be SrTiO3 which is an incipient ferroelectric mate-

rial. At room temperature (RT¼ 25 �C), single-crystal and

polycrystalline (bulk) SrTiO3 has the prototypical cubic per-

ovskite structure with a Pm3m symmetry. It undergoes a

structural cubic-tetragonal (I4/mcm) phase transformation at

�168 �C due to the rotations of TiO6 octahedra about the

pseudo-cube axes.9 SrTiO3 remains in a paraelectric state

down to absolute zero (�273 �C) but ferroelectric phase(s)

may be stabilized in SrTiO3 by uniaxial stresses, external

electrical fields, doping, and through in-plane misfit strains

in epitaxial films.10–14

II. EXPERIMENT

Figure 1 shows a diagram of the solidly mounted resona-

tor device. The substrate was (0001) sapphire (c-cut

a-Al2O3) single crystal. The acoustic Bragg reflector con-

sisted of four layers of SiO2 and three layers of Ta2O5. The

target frequency for the resonator was 5 GHz, which corre-

sponds to a quarter wavelength thickness of 211 nm in SiO2
a)Electronic mail: sbrockey@structuredmaterials.com
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and 163 nm in Ta2O5. The Bragg reflector was fabricated

using metal organic solution deposition (MOSD). After

depositing each SiO2 or Ta2O5 layer, the film was dried at

180 �C for 2 min and baked at 280 �C for 4 min. The lower

electrode layer was formed using DC magnetron sputtering.

An adhesion layer of 10 nm titanium was deposited, fol-

lowed by annealing at 800 �C in oxygen for 30 min. Platinum

film of thickness 100 nm was then deposited by DC magne-

tron sputtering. The lower electrode metallization was pat-

terned using standard photolithography and ion milling.

MOCVD of the SrTiO3 films was done in a cold wall reac-

tor, using a liquid injection, flash evaporation technique,

which was previously optimized for tunable dielectric films.8

The metalorganic precursors were Ba(thd)2, Sr(thd)2, and

Ti(i-OPr)2(thd)2, in which “thd” and “i-OPr” represent

2,2,6,6-tetramethyl-3,5-heptanedionato and isopropoxide,

respectively. The precursors were dissolved in a mixture of

tetrhydrofuran plus 10% tetraethylene glycol dimethyl ether

for injection into the flash evaporator. The MOCVD process

pressure was 1065 Pa with a susceptor temperature of 680 �C.

Additional samples of SrTiO3 films were deposited using a

similar process, on bare (0001) sapphire and on platinum

coated silicon substrates [150 nm Pt/20 nm TiO2/300 nm ther-

mal SiO2/(100) Si] for materials characterization. All

MOCVD SrTiO3 film samples were postannealed for 1 h at

800 �C in air. The thickness of the SrTiO3 films was 150 nm

as verified by Rutherford backscattering analysis of films de-

posited on bare (0001) sapphire.

The SrTiO3 film samples deposited on sapphire and plati-

num coated silicon were characterized by x-ray diffraction

(XRD), scanning electron microscopy (SEM), and atomic

force microscopy (AFM). XRD was done using a Rigaku

Geigerflex CN2013 diffraction system with Ni filtered Cu

Ka radiation. A JEOL JSM-6335 F field emission scanning

electron microscope and an Asylum Research MFP-3 d

atomic force microscope were used to examine the micro-

structure and morphology of the films as well as to calculate

the root mean square (RMS) roughness.

For the SrTiO3 films prepared on the solidly mounted res-

onator substrates for electrical characterization, a top elec-

trode consisting of 100 nm platinum film was deposited by

DC magnetron sputtering. No titanium adhesion layer was

used for the top electrode. The platinum film was patterned

to result in a 40 lm by 40 lm active device area. The SrTiO3

film was then patterned to expose a contact to the bottom

electrode.

All electrical characterization was performed at room

temperature. Current–voltage (I-V) and capacitance–voltage

(C-V) characteristics were measured using an HP 4110

Picoammeter and a 4275 A multifrequency LCR meter,

respectively. The excitation frequency was 1.0 MHz with an

amplitude of 100 mV peak to peak. Analysis of the one-port

RF return loss parameter (S11) was performed using an Agi-

lent PNA vector network analyzer. The resonator device was

probed with coplanar ground-signal-ground cascade microp-

robes. The top electrode was connected to the signal line and

the bottom electrode was connected to ground. The DC bias

voltage was applied by the network analyzer during the RF

measurement, between the top and bottom electrodes, which

corresponds to between signal and ground. The measurement

setup was first calibrated from 1 to 20 GHz using matched

open and shorted device structures on the same substrate.

For the I-V scans, the maximum applied voltage bias was

4.4 V. For the C-V and S11 scans, the maximum applied volt-

age bias was 5.0 V.

III. RESULTS AND DISCUSSION

A. Results

Figure 2 shows XRD results for an MOCVD deposited

SrTiO3 film on uncoated sapphire. The results indicate the

SrTiO3 film to be highly (111) textured. No diffraction peaks

for any other SrTiO3 orientations or extraneous phases were

observed. For the platinum coated silicon and platinum

coated sapphire substrates used in this work, the platinum

films were (111) oriented. XRD analysis of MOCVD depos-

ited SrTiO3 films on these Pt/silicon and Pt/sapphire sub-

strates also showed the SrTiO3 film to be highly (111)

textured. In these cases, the SrTiO3 (111) and Pt (111) peaks

very nearly overlap, due to the close lattice match between

SrTiO3 and platinum. Similar to the films on uncoated sap-

phire, no diffraction peaks other than the SrTiO3 (111) or

FIG. 1. (Color online) Schematic diagram of the solidly mounted resonator

device fabricated with MOCVD deposited SrTiO3 film.

FIG. 2. (Color online) X-ray diffraction results for MOCVD deposited SrTiO3

film on (0001) sapphire, compared to an uncoated sapphire substrate.
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those attributable to the substrate were observed, indicating

the SrTiO3 films to be phase-pure and highly (111) textured.

Figures 3 and 4 show representative SEM and AFM

results for the MOCVD SrTiO3 films on platinum coated sili-

con. The average grain size of the SrTiO3 film is 30 nm, as

measured from the SEM images. The measured RMS surface

roughness for the MOCVD deposited SrTiO3 films on plati-

num coated silicon was 13.5 nm. The measured RMS surface

roughness for the substrates prior to deposition of the SrTiO3

film was 2.56 nm for Pt/silicon and 0.57 nm for Pt/sapphire.

Figure 5 shows I-V scan results for the SrTiO3 films on

the solidly mounted resonator substrate. A low leakage cur-

rent of 1.6� 10�6 A/cm2 at 4.4 V (293 KV/cm) is observed.

Figure 6 shows the dielectric constant versus applied field,

as calculated from the C-V results for the SrTiO3 film on

the solidly mounted resonator substrate. The characteristic

behavior for a paraelectric film is observed, with a maxi-

mum dielectric constant of 196 and a tunability of 43% at

330 KV/cm.

Figure 7 shows the variation of RF return loss S11 with

frequency, as a function of DC voltage applied across the

SrTiO3 film. No resonance is observed with zero bias volt-

age. At 1.0 V bias, a well defined resonance peak is observed

at 5.606 GHz. The resonance peak increases in intensity with

increasing bias voltage and shifts to lower frequency. Fig-

ure 8 shows that the decrease in resonance frequency is

nearly linear with the applied bias voltage. The calculated

electromechanical coupling coefficient (k2) for the solidly

mounted resonator device is 1.3%, for bias voltages in the

range of 3–5 V. The maximum observed quality factor (Q)

for the device was approximately 10.

B. Discussion

The electrical performance of the resonator device is

expected to depend on the material properties of the para-

electric film and on device parameters such as interfacial

smoothness. The MOCVD deposited SrTiO3 films investi-

gated in this study had a high degree of (111) preferred ori-

entation, similar to SrTiO3 films deposited by sputtering15 or

by chemical solution deposition16 on (111) textured platinum

coated substrates. The grain size for the MOCVD deposited

FIG. 3. Plane-view field emission SEM image of a representative SrTiO3

film deposited on platinum coated silicon by MOCVD.

FIG. 4. AFM amplitude image of a representative SrTiO3 film deposited on platinum coated silicon by MOCVD.

FIG. 5. DC current–voltage results for a capacitor structure with 150 nm thick

SrTiO3 film and platinum electrodes, demonstrating low leakage current.

061202-3 Sbrockey et al.: Voltage induced acoustic resonance in MOCVD SrTiO3 thin film 061202-3

JVST B - Microelectronics and Nanometer Structures

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jvb.aip.org/jvb/copyright.jsp



SrTiO3 films on Pt/silicon was approximately 30 nm, which

is somewhat smaller than the 40–80 nm grain size reported

for chemical solution deposited SrTiO3 films on Pt/silicon.17

The most pronounced difference between the MOCVD de-

posited SrTiO3 films of this study and those prepared by

other techniques was the surface roughness. The RMS sur-

face roughness for the MOCVD deposited SrTiO3 films on

Pt/silicon was 13.5 nm. Other reported values for RMS

roughness were 2.3 nm or less for SrTiO3 films prepared by

chemical solution deposition,17 3.1 nm or less for SrTiO3

films prepared by pulsed laser deposition,18 and 2.3 nm for

SrTiO3 films prepared by sputtering.19 In this study, the large

RMS roughness most likely resulted from the MOCVD pro-

cess, since the measured surface roughness of the uncoated

Pt/silicon substrate was 2.56 nm.

The observed dielectric properties for the MOCVD depos-

ited SrTiO3 films were comparable to those for SrTiO3 films

prepared by other techniques. SrTiO3 films prepared by chem-

ical solution deposition techniques have reported leakage cur-

rent values ranging from 10�8 to 10�6 A/cm2.17,20,21 The

measured dielectric constant for the MOCVD deposited

SrTiO3 film is also comparable to reported values for SrTiO3

films prepared by chemical solution deposition techniques on

platinum coated silicon substrates.17,22 The present results are

also consistent with a recent thermodynamic analysis for

SrTiO3 films on various substrates,23 which predicted a dielec-

tric constant of 265 and a tunability of 21% at 330 kV/cm, for

(001) oriented SrTiO3 on c-sapphire processed at 750 �C.

These conditions are close to those for the MOCVD films of

this study, since the SMR substrates were c-sapphire and the

final annealing temperature was 800 �C. However, the

MOCVD deposited SrTiO3 films of the present study had a

(111) preferred orientation, so some difference in results is to

be expected.

The solidly mounted resonator device fabricated in this

work using MOCVD deposited SrTiO3 demonstrated a Q
factor of about 10 and k2 equal to 1.3% at 5 V. These results

are comparable to similar SMR structures fabricated using

sputtered SrTiO3 films, in which k2 was reported as 2% at

8 V.2 Other SMR devices fabricated using sputter deposited

BaxSr1�xTiO3 films yielded higher k2 values, reported at 4%

at 40 V.5 The higher k2 value for BaxSr1�xTiO3 as compared

to SrTiO3 is consistent with a recent theoretical analysis of

acoustic resonance in perovskite films,24 which showed k2 to

increase with the Ba content in BaxSr1�xTiO3 films.

Both Q and k2 for a similar resonator device fabricated

with BaxSr1�xTiO3 film were found to depend on the surface

roughness of the lower electrode layer.25 In the present

study, the measured RMS surface roughness of the uncoated

lower electrode layer was relatively low at 0.57 nm for Pt/

sapphire and 2.56 nm for Pt/silicon. However, the surface

roughness of the deposited and annealed SrTiO3 film was

relatively high at 13.5 nm. This would result in a rough inter-

face between the SrTiO3 film and the upper electrode, which

could negatively affect the device performance in this work.

Other studies of SrTiO3 film deposition found the surface

roughness to depend strongly on processing conditions.17,18

Therefore, it is reasonable to assume that further optimiza-

tion of the MOCVD process could result in lower surface

FIG. 6. Dielectric constant vs applied field, as calculated from C-V charac-

terization of a 150 nm thick SrTiO3 film and platinum electrodes.

FIG. 7. (Color online) Return loss (S11) for the solidly mounted resonator

with 150 nm thick SrTiO3 film, as a function of DC voltage across the

SrTiO3 film.

FIG. 8. Variation of resonance frequency with applied DC voltage for the

SrTiO3 based solidly mounted resonator.
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roughness for the SrTiO3 films and higher values of Q and k2

for the solidly mounted resonator device.

IV. SUMMARY AND CONCLUSIONS

Voltage induced acoustic resonance is demonstrated for

the first time for an MOCVD deposited film. The MOCVD

deposited SrTiO3 films showed bulk-like dielectric proper-

ties, similar to high quality SrTiO3 films prepared by solu-

tion deposition techniques. A solidly mounted resonator

device fabricated using MOCVD deposited SrTiO3 was

shown to turn on at an applied DC bias of 1.0 V. The acous-

tic resonance peak increased in intensity and shifted to lower

frequency as the applied voltage increased over the range of

1.0–5.0 V. The calculated k2 and Q values for the device

were comparable to similar resonators fabricated using sput-

ter deposited SrTiO3 films. Further improvements in resona-

tor performance should be possible by optimizing device

parameters such as surface roughness of the SrTiO3 film.

The MOCVD film deposition technique is shown to be a via-

ble approach for fabricating voltage controlled resonator

devices using complex oxide films.
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