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Intrinsically tunable bulk acoustic wave resonators, based on sol-gel 0.70Pb(Mg1/3Nb2/3)O3-

0.30PbTiO3 (PMN-PT) thin films, with high effective electromechanical coupling coefficient of

13% and tunability of the series resonance frequency up to 4.0% are fabricated and characterized.

The enhanced electroacoustic properties of the PMN-PT resonators are attributed to the mechanism

of polarization rotation occurring in the region of the morphotropic phase boundary.

Electroacoustic performance of the PMN-PT resonators is analyzed using the theory of dc field-

induced piezoelectric effect in ferroelectrics. Extrinsic acoustic loss in the PMN-PT resonators is

analyzed using the model of the wave scattering at reflections from rough interfaces. Mechanical

Q-factor of the resonators is up to 70 at 4.1 GHz and limited mainly by losses in the PMN-PT film.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893179]

I. INTRODUCTION

The electrically tunable thin film bulk acoustic wave

(BAW) resonators, utilizing electric field induced piezoelec-

tric effect in paraelectric phase of ferroelectric materials have

been intensively developed for the last five years.1–6 The

BAW resonators based on the BiFeO3-0.33BaTiO3 (BF-BT)

films with record high tunability of the resonance frequency

of 4.4% and effective electromechanical coupling coefficient

of 10% have been reported recently.7 However, for large

scale industrial applications, for example, in the front ends of

cellphones, personal communication systems, etc., even

higher tunabilities and coupling coefficients are required. It is

known that electromechanical response of the ferroelectric

materials is exceptionally high near the morphotropic phase

boundary (MPB), which is a region on the phase diagram sep-

arating phases with different symmetries.8 In particular, solid

solutions of the relaxor-ferroelectrics (1� x)Pb(Mg1/3Nb2/3)

O3-xPbTiO3, usually abbreviated as PMN-xPT, show a supe-

rior electromechanical performance across the MPB.8,9 On

the PMN-xPT phase diagram, at room temperature, the MPB

is defined by a narrow, x� 0.30� 0.34, monoclinic phase

region separating the rhombohedral and tetragonal phases.9

The enhancement of intrinsic piezoelectric activity of the

PMN-xPT ferroelectrics with x� xMPB is attributed to the

rotation of the polarization from the [111]cub to [001]cub

directions, which are directions of the cation displacements in

the rhombohedral and tetragonal phases, respectively,

induced by an electric field applied along [001]cub direc-

tion.8,10 This mechanism of the polarization rotation is re-

sponsible for that the field induced piezoelectric coefficient,

d33, in the [001]cub oriented PMN-xPT crystals around the

MPB, can be as high as 3000 pm/V.11 Additionally, the [001]

oriented PMN-xPT single crystals show maximum of the

coupling factor in the MPB region, x� 0.30–0.34, as high as

62%.12 Studies of the PMN-xPT ceramics in the composition

range x¼ 0.0–0.4 show clear maximum of the d33 up to

1000 pm/V at x� 0.30, which confirms the MPB effect.13 For

comparison, simple calculations based on the results of the

direct piezoelectric effect measurements, indicate that the Mn

modified BiFeO3-0.33BaTiO3 ceramic possesses significantly

lower d33� 14 pm/V.14 Therefore, one can expect that the

BAW resonators utilizing the [001] oriented PMN-xPT ferro-

electric with composition close to the MPB should possess

intrinsically high tunability of the resonance frequency and

electromechanical coupling coefficient. However, there are

only a few reports on use of the PMN-xPT ferroelectrics in

the BAW resonators, mainly as single crystals, and, hence, at

relatively low frequencies. In particular, a PMN-xPT single

crystal resonator, operating at 20 MHz, is demonstrated for

highly sensitive vapor detection and proposed for applica-

tions in advanced biochemical sensors.15 Integration of a

PMN-xPT single crystal resonator in a microfluidic system,

operating in shear mode, in the frequency range 2–20 MHz,

is reported and proposed for dynamic monitoring of fluid

properties.16 Electroacoustic properties of single-domain

PMN-0.33PT thin films are studied at resonance frequency of

1.3 GHz and high potential of the PMN-PT based BAW

transducers is indicated.17 To the best of our knowledge,

there are no reports on the BAW resonators utilizing the

PMN-xPT thin films. In this paper, we report performance of

the BAW resonators fabricated using the [001] textured

PMN-0.30PT thin films grown by sol-gel technique.

II. EXPERIMENTAL DETAILS

The PMN-0.30PT (PMN-PT) BAW resonator test struc-

tures are fabricated as solidly mounted devices on silicon

substrates with resistivity of 20 kX�cm. The Bragg reflector,

consisting of k/4 SiO2/W layers with thicknesses of 210/

180 nm, 50/10 nm thick TiO2/Ti diffusion barrier/adhesion
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layers and 80 nm thick Pt bottom plate are deposited by mag-

netron sputtering. The PMN-PT films, with three different

thicknesses of 270, 360, and 440 nm, are grown on the Pt

bottom plate using a sol-gel process. The sols are prepared

using the Mg(NO3)2�6H2O, Nb(OC2H5)5, Ti(C4H9)4 and

Pb(NO3)3 2H2O as the precursors, 2-ethoxyethanol as the

solvent and acetylacetone C5H8O2 as the complex additive.

Polyvinylpyrrolidione (average mass weight is 58 000) is

used to control the reactivity of Pb ions toward Nb and, con-

sequently, the formation of a pyrochlore phase. The thin

films are deposited using the spin-coating method at

3000 rpm for 30 s, preheated and heat treated at temperature

of 450 �C for 10 min and 650 �C for 20 min, respectively. For

the study synthesis conditions were optimized to reduce the

pyrochlore concentration and increase the films texturing.

The 20/90/10 nm thick Au/Al/Ti top electrode stack is depos-

ited by e-beam evaporation. The top Au film is used to mini-

mize the contact resistance between the contact pads and the

microprobe tips. A lift-off process is used to pattern the top

electrodes in the form of central circular electrodes sur-

rounded by concentric outer electrodes with inner diameter

of 200 lm. The BAW resonator test structures with the top

electrodes of 40, 60, and 80 lm in diameter are fabricated

and characterized. In the analysis below, the resonators with

40 lm top electrode are used, if not indicated specifically.

The schematic cross section view and layout of the BAW

resonator test structures are shown in Fig. 1. The dc and

microwave connection between the microprobe tips and the

Pt bottom electrode is achieved through the PMN-PT film by

means of the resistive/capacitive divider. The relatively large

area of the outer electrode provides effective dc and micro-

wave connection to the Pt bottom electrode.

The microstructure of the PMN-PT films is analyzed

using X-ray diffraction (XRD) and scanning electron micros-

copy (SEM) techniques. The XRD spectra are obtained using

a PANalytical Empyrean system with a hybrid monochroma-

tor, consisting of a combination of an X-ray mirror and a

two-crystal Ge(220) two-bounce monochromator. The spec-

tra were acquired in x-2h mode in the range from 20� to 50�

with 0.013� step size and 300 s per step. The SEM images of

the PMN-PT film are obtained using a Carl Zeiss Ultra Plus

SEM.

The complex input impedance Z¼ReZþ jImZ and ad-

mittance of the test structures are calculated using S11

parameters measured using an Agilent N5230A vector net-

work analyzer and ground-signal-ground microprobes, see

Fig. 1, in the frequency range 1–10 GHz. The modified

Butterworth-Van Dyke (mBVD) circuit model is used for

de-embedding the electrical loss associated with the series

resistance Rs composed, mainly, by the ring section of the Pt

bottom plate. The series resistance in the mBVD model is

found as the real part of impedance in the high frequency

limit.18 The series (fs) and parallel (fp) resonance frequencies

are determined at the maximum of the real parts of the com-

plex admittance and impedance, respectively.

III. RESULTS AND DISCUSSION

A. Microstructure

Fig. 2 shows the XRD pattern of a PMN-PT film grown

on a platinized Si substrate, which is nearly phase-pure per-

ovskite with only a trace of the pyrochlore phase. Peak

indexing is done on the basis of the pseudocubic unit cell.

The comparison with the XRD pattern of the ceramic coun-

terpart (Ref. 19) indicates that the PMN-PT film is (001) tex-

tured. The texturing ratio is defined as:20

M ¼
If

001ð Þ
Ic

001ð Þ
�
Ic

001ð Þ þ Ic
110ð Þ þ Ic

111ð Þ

If
001ð Þ þ If

110ð Þ þ If
111ð Þ

; (1)

where If
(hkl) and Ic

(hkl) are the integrated intensities of the

(hkl) peaks of the film and ceramic, respectively. Calculations

using Eq. (1) give texturing ratio of 8.6. Since composition of

the PN-PT films is at MPB, one can expect high piezoelectric

and electrostrictive properties due to the mechanism of polar-

ization rotation and, consequently, the high tunability and

coupling coefficient of the BAW resonators.8,10

Fig. 3 shows SEM top and cross section images of a

270 nm thick PMN-PT film. It can be seen that, to the large

extend, the grains are columnar with lateral grain size of

100–250 nm.

The columnar grain structure implies that the film effec-

tive capacitance, and permittivity, can be described in terms

of capacitances associated with the grains and grain bounda-

ries connected in parallel. In this case contribution of the

grain boundaries to the film effective permittivity and its tun-

ability, nr, is negligible. Therefore, the electroacoustic

FIG. 1. Schematic cross section view (a) and layout (b) of PMN-PT BAW

resonators. Signal and ground contacts of the microprobe and corresponding

contact pads are labeled as “S” and “G,” respectively. FIG. 2. XRD pattern of a PMN-PT film grown on a platinized Si substrate.
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performance of the BAW resonators is governed mainly by

the grain properties of the PMN-PT film, see Eqs. (3)–(5). It

can be seen from Fig. 3 that the top surface of the PMN-PT

film is significantly rougher than the bottom interface. This

implies that the extrinsic acoustic loss associated with the

acoustic wave scattering at reflection from a rough interface

is defined mainly by the top surface of the PMN-PT BAW

resonator. More detailed analysis of this loss mechanism is

given in the next section.

B. Resonator performance

Fig. 4 shows conductance, i.e., real part of admittance,

normalized to 50 X, of the BAW resonators with 270 nm,

360 nm, and 440 nm thick PMN-PT films versus frequency at

the same 35 V/lm strength of the applied dc electric field.

Shown also are the reflection coefficients of the Bragg reflec-

tor calculated for the longitudinal and shear acoustic waves

incident from an infinitely thick PMN-PT layer. It can be

seen from Fig. 4 that magnitude of the conductance peaks, in

the frequency range 3–4 GHz, decreases rapidly with

increase in the PMN-PT film thickness. The drop in the con-

ductance clearly correlates with the low frequency edge of

the longitudinal wave reflection band. Therefore, one can

conclude that performance of the BAW resonators with

thicker PMN-PT films, and, correspondingly, lower reso-

nance frequencies, degrades due to more intensive leak of

the acoustic waves through the Bragg reflector. A fluffy

structure of the 440 nm conductance peak formed by multi-

ple reflections from the back side of the Si substrate confirms

this conclusion. Another important conclusion is that the

resonances are associated with longitudinal waves since the

low frequency edge of the shear wave reflection band is at

significantly lower frequency. Due to the substantial leak of

the acoustic waves through the Bragg reflector the BAW res-

onators with 440 nm thick PMN-PT films are not considered

in the further analysis.

Fig. 5 shows dc bias voltage dependences of the permit-

tivity of the 270 nm thick PMN-PT films for one cycle of the

voltage sweep, measured at 1 MHz and at the resonance fre-

quency of 4.1 GHz. It can be seen that there is a frequency

dispersion of the permittivity. The permittivity at zero dc

field is reduced from, approximately, 650 down to 500 at

1 MHz and 4.1 GHz, respectively. Besides, the permittivity

dependences reveal, approximately, 10% hysteresis at both

frequencies. This behavior can be attributed to the contribu-

tion of irreversible polarization of polar nanoclasters with

distributed relaxation frequency.8 Fig. 5 shows also relative

tunability of permittivity calculated as

nr ¼
e 0ð Þ � e Eð Þ

e 0ð Þ
; (2)

where e(0) and e(E) are the permittivity without and with dc

electric field, respectively. The relative tunability is,

FIG. 3. SEM top (a) and cross section (b) images of a 270 nm thick PMN-

PT film.

FIG. 4. Calculated reflection coefficients of the longitudinal and shear waves

and measured normalized conductance of the BAW resonators with 270 nm,

360 nm, and 440 nm thick PMN-PT films vs. frequency at 35 V/lm dc elec-

tric field.

FIG. 5. Permittivity and relative tunability of the permittivity of the 270 nm

thick PMN-PT films vs. applied dc voltage at 1 MHz and at a resonance fre-

quency of 4.1 GHz. Permittivity dependences are shown for one cycle of dc

voltage sweep varying according to arrow directions.
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approximately, 72% and 67% at 1 MHz and 4.1 GHz, respec-

tively. Reduced tunability at 4.1 GHz can be explained by

the frequency dispersion of the permittivity.

Fig. 6 shows the real parts of admittance and impedance

of the BAW resonator with 270 nm PMN-PT film versus fre-

quency at 14 V. The maximums of the dependences determine

the series and parallel resonance frequencies, respectively.

Fig. 7 shows the series and parallel resonance frequen-

cies of the BAW resonators with 270 nm and 360 nm PMN-

PT films versus electric field of the applied dc bias. The

series resonance frequencies of the 270 nm BAW resonator

are shown for the one cycle of the dc voltage sweep. It can

be seen that the hysteresis of the series resonance frequency

is below 0.2%, which is much less than the resonance fre-

quency tunability and can be ignored for practical applica-

tions. The series resonance frequency decreases while the

parallel resonance frequency increases with field for both

PMN-PT film thicknesses. The parallel resonance frequency

reveals much weaker field dependence than that of the series

resonance. The highest applied electric field corresponds to

the breakdown field. As it can be seen from Fig. 7, the break-

down field strength is lower for the thinner film, which can

be explained by an effect of an interfacial layer with reduced

breakdown field.

Fig. 8 shows tunabilities of the series (ns) and parallel

(np) resonance frequencies of the BAW resonators with

270 nm and 360 nm PMN-PT films versus electric field of

the applied dc bias. The tunability is defined as

ns;p ¼
fs;p � f0

f0

; (3)

where f0 is the resonance frequency extrapolated to zero dc

electric field. The electroacoustic performance of the PMN-

PT film BAW resonators can be analyzed using the theory of

the dc field induced piezoelectric effect.1 This theory estab-

lished following relation between the electromechanical cou-

pling factor k2
f of a non-loaded ferroelectric film and its

relative tunability of permittivity:1

k2
f �

4q2

3c0b
nr ¼ Atnr; (4)

where q, b, and c0 are corresponding components of the ten-

sors of linear electrostriction, dielectric non-linearity and

elastic constant at zero dc electric field, respectively. The dc

bias dependent tunabilities of the series (nsf) and parallel

(npf) resonance frequencies may be described in terms of k2
f

(or nr, see Eq. (4)) as:

nsf ¼ �k2
f cþ l

2
þ 4

p2

� �
; (5)

npf ¼ �k2
f cþ l

2

� �
; (6)

where

c � m

8q2ee0

; (7)

l � eb

e
; (8)

m and eb� 7 are the corresponding components of the ten-

sors of non-linear electrostriction and the background per-

mittivity, respectively.21 Typically, both parameters c and l
are of the same order of magnitude and much smaller than

unit. This indicates that 4/p2 is clearly the leading term in

brackets of Eq. (5), which results in stronger field depend-

ence and, correspondingly, higher tunability of the series res-

onance frequency in comparison with the parallel resonance

FIG. 6. Real parts of admittance (ReY) and impedance (ReZ) of the BAW

resonator with 270 nm PMN-PT film vs. frequency at 14 V.

FIG. 7. Series (fs) and parallel (fp) resonance frequencies of the BAW reso-

nators with 270 nm and 360 nm PMN-PT films vs. applied dc electric field.

The series resonance frequencies of the 270 nm BAW resonator is shown for

one cycle of the dc voltage sweep varying according to arrow directions.

FIG. 8. Tunabilities of the series (ns) and parallel (np) resonance frequencies

of the BAW resonators with 270 nm and 360 nm PMN-PT films vs. applied

dc electric field.
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frequency (Figs. 7 and 8). The positive tunability of the par-

allel resonance frequency (Figs. 7 and 8) is due to negative

sign of the sum of cþl/2, see Eq. (6). It was shown that the

sign of the cþl/2, is not controlled by any general reason

and may differ between materials depending on the relation-

ship between c and l.22 The most of demonstrated previ-

ously BAW resonators, based on the BaxSr1�xTiO3 (BSTO)

films with x< 0.5, reveal negative tunability of the parallel

resonance frequency, i.e., softening.1,4,18,23–26 Recent ab ini-
tio calculations indicate that the non-linear electrostrictive

coefficient is negative in the whole range of the BSTO com-

position.27 It means that the term l/2 dominates in the sum

of cþl/2 with x< 0.5. However, the BSTO BAW resona-

tors with x� 0.5 reveal positive tunability of the parallel res-

onance frequency, i.e., stiffening.28,29 This can be explained

by lower l value due to higher permittivity of the material

with higher Ba concentration and, hence, domination of the

term c in the sum of cþl/2. For the PMN-PT, no published

data on the non-linear electrostrictive coefficients are avail-

able to the authors’ knowledge, which does not allow for

correct analysis of the relationship between c and l. We sup-

pose that the observed positive tunability of the parallel reso-

nance frequency (Figs. 7 and 8) can also be explained by

lower l value since the PMN-PT permittivity is rather high

(Fig. 5).

As it can be seen from Fig. 8, tunabilities of the reso-

nance frequencies of the BAW resonators with 270 nm thick

PMN-PT film is lower than those with 360 nm thick film.

This is due to the effect of loading by electrodes. The me-

chanical loading of the piezoelectric film by the electrodes

results in the loss of acoustic energy in the non-piezoelectric

electrode layers and, consequently, reduction of the BAW

resonator tunability and effective electromechanical cou-

pling coefficient, in comparison with the intrinsic film pa-

rameters.23,30 However, the tunability of the series resonance

frequency of the BAW resonator with 360 nm thick PMN-PT

film is up to 4%, which is very close to the highest reported

4.4% of the BAW resonators based on the BF-BT films.7

Fig. 9 shows effective electromechanical coupling coef-

ficients of the BAW resonators with 270 nm and 360 nm

PMN-PT films versus electric field of the applied dc bias.

The effective electromechanical coupling coefficient is cal-

culated as

k2
eff ¼

p2

4

fp � fs

fp

: (9)

The coupling coefficient of the resonator with 360 nm

thick film is up to 13%, which is among the highest of those

reported for the intrinsically tunable BAW resonators.5 The

coupling coefficient of the BAW resonators with 270 nm

PMN-PT film is lower than that with 360 nm due to the effect

of loading by the electrodes.

The tunabilities and effective electromechanical cou-

pling coefficient of the loaded BAW resonator follow the

same dependences on the dc field, as in the non-loaded case,

remaining the linear functions of the relative tunability of

permittivity, as in Eqs. (4)–(6).23 Subtracting Eqs. (5) and

(6) gives tunability difference

nsf � npf ¼ �
4

p2
k2

f ; (10)

which is valid also for the loaded BAW resonator parameters

ns, np and k2
eff. Fig. 10 shows the tunability difference versus

effective electromechanical coupling coefficient of the BAW

resonators for both PMN-PT film thicknesses, 270 nm and

360 nm. It can be seen that the dependences are practically

identical, linear with the slope of, approximately, �0.40.

This is very close to the �4/p2��0.405 predicted by theory

for the non-loaded piezoelectric layer, see Eq. (10), which

confirms the validity of the theory in the case of the PMN-

PT films.

Fig. 10 shows also the effective electromechanical cou-

pling coefficients of the BAW resonators plotted versus rela-

tive tunability of permittivity. It can be seen that the

dependences can be approximated by linear functions, which

is in agreement with the theory, see Eq. (4). Some non-

linearity appearing at the highest values of the relative tuna-

bility of permittivity can be explained by the fact that Eq. (4)

is strictly valid in the limit of small tuning, i.e., small fields.

The slope of dependences allows for estimation of the pro-

portionality factor At, which characterizes the tunable and

electromechanical coupling performance of the BAW reso-

nators. For the 360 nm thick PMN-PT film At� 0.15. For

FIG. 9. Effective electromechanical coupling coefficients of the BAW reso-

nators with 270 nm and 360 nm PMN-PT films vs. applied dc electric field.

FIG. 10. Tunability difference ns� np vs. effective electromechanical cou-

pling coefficient and the coupling coefficient vs. relative tunability of per-

mittivity of the BAW resonators with 270 nm and 360 nm PMN-PT films.
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comparison, the BF-BT BAW resonators with the similar

electrodes and, approximately, same ferroelectric film thick-

ness of 330 nm reveal more than two times larger At� 0.40.7

Similarity of the resonance frequency tunabilities and even

higher effective electromechanical coupling coefficient of

the PMN-PT BAW resonators can be explained by the sig-

nificantly higher relative tunability of permittivity, 80% ver-

sus 20% for the BF-BT films.7

Fig. 11 shows quality factors of the BAW resonators

with 270 nm and 360 nm PMN-PT films versus applied dc

voltage for different diameters of the top electrode. The Q-

factor is calculated as

Q ¼ 1

2
fs

@ude

@f

����
f¼fs

; (11)

where

ude ¼ arctg
ImZ

ReZ � Rs

(12)

is the de-embedded phase angle. The de-embedding of the

electrical loss allows for considering the Q-factor calculated

using Eq. (11) as the pure mechanical one (Qm). It can be

seen from Fig. 11 that dependences clearly reveal maxi-

mums, which is explained by the interplay between the bias

dependencies of the motional inductance and resistance.31

Besides, it can be seen that the Q-factors of the BAW resona-

tors with the larger top electrode area are significantly larger.

We assume that the effects associated with deformations,

scratches and mechanical loading of the resonator top elec-

trode by the probe tip are minor. According to our observa-

tions the probe contact area is less than 30 lm2, which is

much less than the smallest used top electrode area

1256 lm2. Our previous measurements of the BSTO BAW

resonators with the top electrode area varying in the range of

300–3000 lm2 reveal rather weak dependence of the Q-fac-

tor on the area, 5.5% in the range of 1200–3000 lm2 on the

level of Q� 350.6 Finally, detailed comparison with the

BAW resonators having external contact pads reveal similar-

ity of the Q-factors within 5%, which is comparable with ac-

curacy of the Q-factor evaluation.32 The size dependence

observed for the PMN-PT BAW resonators, Fig. 11, can be

explained assuming a loss mechanism associated with the

edges of the top electrode. For example, fringing field at the

edges can induce an inclined polarization generating the

acoustic shear waves. If the shear waves leak through the

Bragg reflector, they consequently lower the Q-values. The

shear waves are not necessarily to be at resonance condi-

tions. It was shown that the loss can be significant for even

small amounts of energy associated with the shear waves.33

The resonant peaks appeared at, approximately, 7.2 GHz and

8.2 GHz in the BAW resonators with 270 nm and 360 nm

thick PMN-PT films, respectively, (see Fig. 4) can be associ-

ated with the shear waves. As it can be seen from Fig. 4,

they are outside of the main shear wave reflection band.

More detailed analysis has shown that these peaks reveal

strongly irreversible behavior indicating their remnant polar-

ization origin. Therefore, they cannot be attributed to the

second harmonics of the main longitudinal waves associated

with the reversible polarization. It can be seen from Fig. 11

that the Q-factors of the BAW resonators with the 360 nm

thick PMN-PT films are slightly lower than those with

270 nm thick films. Most likely, this is because of more in-

tensive wave leaking through the Bragg reflector since the

corresponding resonant frequency is closer to the edge of the

longitudinal wave reflection band (see Fig. 4).

It was shown that in the ferroelectric BAW resonators

the main extrinsic loss mechanism is associated with wave

scattering at reflections from rough interfaces, which

assumes redirection of vertically moving acoustic energy to-

ward lateral directions.34 This causes the waves to leave the

active resonator region and dissipate either in the device sub-

strate or in the region surrounding the device laterally.35 It

can be seen from Fig. 3, that the Pt/SiO2 interface, which is

the main bottom reflecting surface, is relatively smooth.

Therefore, we assume that the scattering loss is mainly

defined by the top electrode roughness which is approxi-

mately the same as that of the PMN-PT film surface (Fig. 3).

Scattering takes place mainly once per cycle at reflection

from the top electrode surface. It can be seen from Fig. 3 that

the transverse roughness scale is defined by the lateral grain

size, which is 100–250 nm. The transverse roughness scale is

much smaller than the wavelength, which is, approximately,

1000 nm. At a single reflection, when the transverse rough-

ness scale is much smaller than the wavelength, the attenua-

tion coefficient can be approximated in dB as:36

adB ¼ 2p8:68k2g2dB; (13)

where k¼ 2p/k is the longitudinal wave number, k is the

wavelength and g is the rms surface roughness. Using a

FIG. 11. The quality factors of the BAW resonators with 270 nm (a) and

360 nm (b) PMN-PT films vs. applied dc voltage for different diameters of

the top electrode.
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general definition of the Q-factor as the ratio between energy

stored and energy dissipated per cycle, the Q-factor of the

BAW resonator, associated with wave scattering at top inter-

face only, can be calculated as:

Qsc ¼ 2p
Etot

Etot � Eref

¼ 2p

1� 1

a

; (14)

where Etot and Eref represent the energies of incoming and

reflected acoustic waves, respectively, a¼Etot/Eref is the

attenuation coefficient and loga¼ 0.1adB. Assuming that the

wavelength equals to the double thickness of the ferroelectric

film and electrodes for the 270 nm thick PMN-PT film one

can readily get k¼ 940 nm. The rms surface roughness of the

PMN-PT film is estimated analyzing the SEM cross section

image, Fig. 3, with an error of, approximately, 65%. This is

relatively less accurate method than the atomic force micros-

copy, which we used before.6,7,18,26,28 However, this accu-

racy is sufficient for our analysis below demonstrating

relationship between the Q-factors associated with the scat-

tering loss and overall losses within the PMN-PT film. The

error in the Q-factor evaluation is less than 69%. The

advantage and reason of using the SEM cross section image

are that it allows for direct association of the surface mor-

phology with the film grain structure, see Fig. 3.

Calculations using profile heights at 21 points over the whole

cross section area give g¼ 7.19 nm. Then, using Eqs. (13)

and (14), one can get the Q-factor associated with loss due to

scattering at reflection from the top electrode of the PMN-PT

BAW resonator as Qsc¼ 220.

The overall mechanical Q-factor of the BAW resonator

can be expressed as:33

Qm ¼
1

Qf

þ 1

Qsc

� ��1

; (15)

where Qf takes into account all other acoustic loss mecha-

nisms, intrinsic and extrinsic, associated with the PMN-PT

film. Assuming Qm¼ 70 (Fig. 11(a)) one can readily get

Qf� 103. This implies that the overall mechanical Q-factor

of the BAW resonator is limited mainly by the losses inside

the PMN-PT film. The rather low Q-factor of the PMN-PT

film is consistent with the Q¼ 20, at 1.3 GHz, found for the

high quality single-domain PMN-0.33PT film heteroepitax-

ially grown by magnetron sputtering.17 Clear dependences

on the diameter of the top electrode (Fig. 11) indicate that

one way to increase the Q-factor is increasing the resonator

lateral size.

IV. SUMMARY

We present results of characterization and analysis of

electroacoustic performance of the intrinsically tunable bulk

acoustic wave resonators based on the PMN-PT thin films

grown by sol-gel technique. The XRD analysis reveals that

the PMN-PT films are strongly [001] textured. The PMN-PT

film composition on the morphotropic phase boundary and

the [001] orientation provide conditions for the polarization

rotation induced by applied dc electric field, which results in

enhanced electroacoustic properties of the PMN-PT resona-

tors. The effective electromechanical coupling coefficient of

the PMN-PT resonators is up to 13%. Tunability of the series

resonance frequency is also rather high, up to 4.0%. It is

shown that the electroacoustic performance of the PMN-PT

resonators can be described in the frames of the theory of dc

field-induced piezoelectric effect in ferroelectrics. Extrinsic

acoustic loss in the PMN-PT resonators is analyzed using the

model of the wave scattering at reflections from rough inter-

faces. Mechanical Q-factor of the resonators is up to 70 at

4.1 GHz and limited mainly by losses in the PMN-PT film,

including the loss associated with generation of shear waves

by fringing field at the resonator edges. Clear dependences

on the diameter of the top electrode indicate that one way to

increase the Q-factor is increasing the resonator lateral size.
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