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The concept of the frequency switching in the composite bulk acoustic wave (BAW) resonators based
on the thin films of paraelectric phase ferroelectrics is demonstrated experimentally. The composite
BAW resonators based on the Bag,s5Sry75Ti03/StRuO;/Bag 25519751105 multilayer structure are
fabricated and characterized. It is shown that the resonance frequency of the BAW resonators can be
switched more than two times (from 3.6 GHz to 7.7 GHz) by changing polarity of the 5V dc bias
voltage at one of the ferroelectric layers. The composite BAW resonators performance is
analyzed using the theory of the dc field induced piezoelectric effect in the paraelectric phase
ferroelectrics. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4881141]

The electrically tunable thin film bulk acoustic wave
(BAW) resonators, utilizing electric field induced piezoelec-
tric effect in paraelectric phase ferroelectrics, have been
intensively developed for the last five years.'"® The BAW
resonators with an improved Q-factor reveal a product of the
Q and frequency Of ~ 1900 GHz, which is already sufficient
for practical applications in, e.g., tunable filters.® The BAW
resonators with record high tunability of the resonance fre-
quency of 4.4% and effective electromechanical coupling
coefficient of 10% have been reported recently.” This tuna-
bility value is at the fundamental limit established in the
theory of the field induced piezoelectric effect in the para-
electric phase ferroelectrics.® However, for large scale indus-
trial applications, for example, in the front ends of
cellphones, even higher tunabilities are required.

Recently, an effective method to increase the BAW res-
onator tuning performance by using a composite structure
consisting of two layers of paraelectric phase ferroelectrics
has been proposed.” Modelling demonstrates possibility of
achieving about two times resonance frequency switching
in a BAW resonator based, for example, on a
Pt/StTiO5/Pt/SrTiO3/Pt multilayer thin film structure.’ The
resonance frequency switching is controlled by switching of
mutual directions of the dc electric fields applied separately
to the paraelectric layers. The field direction defines sign of
the field induced piezoelectric coefficient. The unidirectional
or oppositely directed fields result in excitation of acoustic
eigenmodes with antisymmetric or symmetric mechanical
displacement, respectively. Frequency of the lowest order
antisymmetric eigenmode (model) is, approximately, two
times lower than that of the symmetric eigenmode (mode2).
The concept is similar to that used in an ultrasonic imaging
transducer consisting of a stack of two plates of electrostric-
tive materials with polarizations controlled independently by
the dc biases of selected polarity.'® The possibility of about
two times resonance frequency switching using the lead
magnesium niobate-lead titanate bulk ceramic stacks has
been demonstrated experimentally.'” Recently, detailed
analysis of the concept including a closed-form analytical
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formula for the complex impedance of the composite BAW
resonators based on the paraelectric phase ferroelectric
layers has been reported."’

In this work, we demonstrate experimentally the con-
cept of the frequency switching in the composite BAW reso-
nators based on the thin films of the paraelectric phase
ferroelectrics. The resonator active area is composed of two
paraelectric phase ferroelectric Bag »5Sr( 75TiO5 (BST) films
sandwiching a thin film oxide conductor SrRuOj3; (SRO).
The advantage of using the SRO as the intermediate elec-
trode is that it possesses the cubic perovskite lattice struc-
ture, as the BST does, and reveals a very similar with the
BST lattice parameter.'”> This allows for in-situ
quasi-epitaxial growth of the high quality multilayer stack
of the BST/SRO/BST.

The composite BAW resonator test structures are fabri-
cated as solidly mounted resonators on silicon substrates
with resistivity of 20kQ cm. The Bragg reflector, consisting
of A/4 SiO,/W layers (4=5.2GHz) with thicknesses of
280/240 nm, and 100 nm Pt bottom plate are deposited by
magnetron sputtering. The 50/10 nm thick TiO,/Ti diffusion
barrier/adhesion layers are deposited below the Pt bottom
plate. The Pt/TiO,/Ti bottom electrode stack is patterned to
form openings below the dc contact pads, which allows for
separate biasing of the paraelectric layers and eliminates par-
asitic resonances in the contact pad area. The patterning is
done by means of Ar ion milling at 45° tilt between the ion
beam axis and the substrate surface to provide a sloped side
wall of the opening edges. The BST/SRO/BST multilayer
structure with thicknesses of 180/50/180 nm is grown in-situ
in a pulsed laser deposition (PLD) system using stoichiomet-
ric targets. The targets are ablated by a KrF excimer laser
beam with wavelength of 248 nm, pulse duration of 30ns,
and repetition rate of 10 Hz, focused in a spot of 1 x 4 mm?,
which results in energy density of 1.5J/cm? The BST and
SRO films are grown in oxygen ambient at pressure of 0.4
millibars. The substrate temperature is maintained at 650 °C.
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 for pro-
tection of the Al layer against etching by alkaline
developers. A lift-off process is used to fabricate openings in
the top electrode stack for separation of the piezo-active area

© 2014 AIP Publishing LLC
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FIG. 1. Schematic cross-sectional view of a composite resonator test struc-
ture. Applied sources of microwave and dc electric fields are also shown.
Polarities of the dc biases shown correspond to the positive and negative
signs of the piezoelectric coefficients induced in the top and bottom BST
layers, respectively.

from the dc bias contact pad. Finally, the composite resona-
tor test structure is formed, as shown in Fig. 1, by means of
the photolithography and Ar ion milling of the top electrode
followed by wet etching of the BST/SRO/BST structure
down to the Pt/SiO, bottom plate. The BST films are selec-
tively etched in a 1:1 buffered hydrofluoric acid in water so-
lution. The SRO films are selectively etched in a 0.4 mol/l
solution of NalQ, in water."> A microphoto of the composite
resonator test structure is shown in Fig. 2. Diameter of the
piezo-active area is 40 um.

The microwave input/output connection is achieved by
using three-pin ground-signal-ground microprobes with direct
contacting to the top electrode of the piezo-active area (signal)
and the Pt bottom plate (ground) (see Figs. 1 and 2).
Connection between the dc contact pad and the SRO layer is
achieved through the top BST layer by means of the resistive/
capacitor divider (Fig. 1). The relatively large area of the dc
contact pad provides effective dc connection to the SRO layer
in the piezo-active area (Figs. 1 and 2).'* Two separate dc
sources are used for applying the dc bias voltages to the top
(Viop) and bottom (Vi) BST layers (see Fig. 1). In experi-
ments, the positive polarity of the V., is always applied to the
top electrode of the piezo-active area, as shown in Fig. 1. It is

piezo-active area

FIG. 2. Microphoto of the composite resonator test structure.
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assumed that this corresponds to the “down” direction of the
dc electric fields (E.p) and positive sign of the induced piezo-
electric coefficient in the top BST layer (e, > 0). The polar-
ity of the Vi is varied in the experiments. The positive
polarity of the Vy, applied to the dc contact pad corresponds
to the “down” direction of the dc electric fields (Ey,,) and pos-
itive sign of the induced piezoelectric coefficient in the bot-
tom BST layer (epo > 0). These polarities result in excitation
of the resonance in the model. Alternatively, the negative po-
larity of the Vi, applied to the dc contact pad corresponds to
the “up” direction of the Ey, and negative sign of the induced
piezoelectric coefficient in the bottom BST layer (e}, < 0), as
shown in Fig. 1. These polarities result in excitation of the res-
onance in the mode2. In experiments, the moduli of the Vi,
and V4, are always kept equal to provide balanced conditions
of the resonance modes.

The complex input impedance Z=ReZ + jImZ and ad-
mittance of test structures are calculated via S;; parameters
measured using an Agilent N5230A vector network analyzer
in the frequency range of 1-10 GHz. The modified
Butterworth-Van Dyke (mBVD) circuit model is used for
de-embedding the electrical loss associated mainly with the
series resistance composed by the leading Pt bottom plate
and the contact resistance between the Pt pad and the ground
probe tips. The series resistance in the mBVD model is
found, as the real part of impedance in the high frequency
limit, to be R, = 1.65 Q.'* This value of the R, is consistent
with resistance of a virtual ring section of the Pt bottom plate
formed between the ground probe tips and the top electrode,
which is calculated to be 1.05 Q assuming the bulk value of
the Pt sheet resistance 1.06 Q.'* The microstructure of the
BST films and the resonator multilayer stacks are analyzed
using X-ray diffraction (XRD) technique. The XRD spectra
are obtained using a Philips X’pert SW 3040 diffractometer
equipped with a point Cu K, radiation source, a thin film col-
limator, a rocking curve detector, and a Ni filter.

Fig. 3 shows combined XRD patterns of three partly
completed resonator multilayer stacks including samples ter-
minated by: (i) Pt bottom plate (labeled as substrate in
Fig. 3), (ii) SRO layer, and (iii) top BST layer (see Fig. 1).
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FIG. 3. XRD patterns of three partly completed resonator multilayer stacks
including samples terminated by: (i) Pt bottom plate (labeled as substrate),
(i) SRO layer, and (iii) top BST layer.
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FIG. 4. Smith chart of the measured resonator S;;, without de-embedding
Rq, in the resonant model (Vo = +5 V) and mode2 (Vo= —5V).

Shown also are the standard XRD data of Bag 256510 744T105
powder (indexed according to the International Centre for
Diffraction Data (ICDD) entry 01-089-8211). It can be seen
that the resonator structures reveal no reflections from the
BST(100) planes. The broad peak marked as c¢(001) is, most
likely, related to the strained cristobalite. This indicates that
the SiO, Bragg reflector layers are, partially, in crystalline
state.'* The BST(111) reflections can be masked by
the strong Pt(111) peaks. The only reflections from the
BST(110) orientation is observed. Similarity of the
BST(110) peaks of the samples terminated by the SRO and
the top BST layers indicate that the top BST layer has crys-
tallinity similar to that of the bottom one. Therefore, one can
assume symmetry of the composite structure properties and
expect fair resonance balancing in the mode?2.

Fig. 4 shows the Smith chart of the measured S;;, without
de-embedding R, in the resonant model (Vyo=-+5V) and
mode2 (Vyoy=—5V). Fig. 5 shows the impedance magnitude
of the resonator versus frequency in both resonant modes,
model (Viyor =+5V) and mode2 (Vi = —5V). It can be seen
that in the model, at Vi, =+5V, the resonance is exited at
frequency of, approximately, 3.6 GHz. No any other resonan-
ces are observed in the frequency range of 1-10 GHz. This res-
onance condition is defined by the same, positive, signs of the
piezoelectric coefficients in each paraelectric layer (e.p >0
and ey, > 0) (Fig. 1). Both layers are simultaneously expanded
or compressed under a microwave signal with anti-symmetric
mechanical displacement.g’11 Therefore, the resonance fre-
quency of the model is defined by the total thickness of the

2 4 6 8
Frequency (GHz)

= 1
SN ] *GC-J-
(0]

08 - —
© Q
2 =
E 06 8
@ 10 o
S 04 &
5 , 0.2 @
g 2
Q.
£

FIG. 5. Impedance magnitude of the composite BAW resonator in the reso-
nant model (Vyo, =45 V) and mode2 (Vpo = —5V). Shown also is simulated
reflection coefficient of the Bragg reflector.
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resonator layered structure. In the alternative case, in the
mode2, at Vo, = —5 V, the resonance is exited at frequency
of, approximately, 7.7GHz. This resonance condition is
defined by the opposite signs of the piezoelectric coefficients
in the paraelectric layers (e;op >0 and ey <0) (Fig. 1). The
difference in signs of the piezoelectric coefficients of the para-
electric layers, due to oppositely directed polarizations, results
in 180° phase shift between the piezoresponses of layers to the
microwave signal. One of the layers is expanded another is
compressed. Therefore, the existence of piezoelectric resonan-
ces of the antisymmetric displacement modes is prohibited and
only symmetric modes (in particular, mode2) can be
excited.™"" The resonance frequency of the mode2 is more
than two times large than that of the model. Thus, the switch-
ing of the applied dc bias polarity Vi, results in a change of
excitation conditions for piezoelectric modes, which, in turn,
allows for more than two times frequency switching (from
3.6 GHz in the model to 7.7 GHz in the mode2). It can be seen
from Fig. 5 that in the case of the model there is no any sign
of the resonance at 7.7 GHz since the symmetric displacement
modes are prohibited. Alternatively, in the mode2, there is no
resonance at 3.6 GHz, since the antisymmetric displacement
modes are prohibited. Fig. 5 shows also the reflection coeffi-
cient of the Bragg reflector calculated assuming acoustic
waves incident from an infinitely thick ferroelectric layer. As
it can be seen, the resonance frequencies of both modes are
within reflection band of the Bragg reflector.

Apart from the resonance frequency switching, the com-
posite resonators possess analog tuning capability, which is
an inherent property of any intrinsically tunable ferroelectric
BAW resonators. Fig. 6 shows series and parallel resonance
frequencies versus modulus of the bias voltage in both reso-
nant modes and in the whole range of the applied voltages.
The series (f;) and parallel (f,) resonance frequencies are
defined at the maximum of the real part of the admittance
and impedance, respectively. The tunability of the resonance
frequency is defined as

n :fO _fs.,p
s,p fO )
where f; is the resonance frequency extrapolated to zero dc

electric field. The tunabilities of the series and parallel reso-
nance frequencies calculated using (1) are, approximately,
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FIG. 6. Series (f;2) and parallel (f;,; ») resonance frequencies of the com-
posite BAW resonator vs. modulus of the bias voltage in the resonant model
and mode?2.
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1.0% and 0.5%, respectively, for both model and mode2 at
5V of the dc bias voltage modulus. The lower tunability of the
parallel resonance frequency is in agreement with the theory
of the dc field induced piezoelectric effect.' Tunabilities of the
series resonance frequencies can be increased up to the theo-
retical limit of 3%-4% by selecting ferroelectric materials
with higher linear electrostriction coefficient, BiFeO3-BaTiO;
solid solution, for example.” The combination of the frequency
switching and the analog tuning capability provides extended
functionalities of the tunable two-layer composite BAW reso-
nators, which may be useful, for example, for frequency band
and channel selection in cellphones.

The quality factors of the composite resonators at series

and parallel resonances are defined as'*'>
1, O,
Osp =5, ; 2
TNy,

where @g4. = arctg[ImZ/(ReZ — R;)] is the de-embedded phase
angle. Fig. 7 shows quality factors versus modulus of bias
voltage in the model (Q,p1) and mode2 (Qs ;) calculated
using (2). The Q-factors approach zero at low bias voltages
due to the nature of the field induced piezoelectric effect. The
Qs values at higher voltages are significantly larger than
those of the Q. This is because the definition (2) makes the
0, equal to the purely mechanical Q-factor.'® The Op1 values
are reduced by additional contribution of the dielectric loss.'®
It can be seen from Fig. 7 that in the mode2 the O, and O
values are practically identical and, approximately, two times
less than those in the model. This can be explained by the
inverse dependence of the mechanical Q-factor on fre-
quency.'”'® At higher frequencies, in the mode2, the mechan-
ical loss dominates over the dielectric loss, which makes the
Oy, and Qp, values comparable. As it can be seen, the Oy,
values at high voltages approach maximum of, approxi-
mately, 100. This is a typical value for the conventional,
non-composite, BAW resonators based on the BST films
grown by PLD, operating at similar frequencies.'” It was
shown that the Q-factor of the BAW resonators based on the
ferroelectric films is, currently, limited by the mechanical
loss associated with the wave scattering at reflection from rel-
atively rough top interface.”” The BAW resonators based on
the BST films with smoother surface, grown by magnetron
sputtering, reveal Q-factors as high as 360 at 5.2 GHz.® Thus,

100
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FIG. 7. Quality factors of the series (Qy; ) and parallel (Qp ) resonances of
the composite BAW resonator vs. modulus of bias voltage in the resonant
model and mode?2.

Appl. Phys. Lett. 104, 222905 (2014)

the Q-factors of the composite resonators can be significantly
improved via reduction of the ferroelectric film surface
roughness, by using the magnetron sputtering, for example.

To summarize, we have demonstrated experimentally the
concept of the frequency switching in the composite BAW
resonators using thin films of paraelectric phase ferroelec-
trics. The fabricated composite BAW resonator based on the
BaoAZSSr0_75TiO3/SrRuO3/Ba0.25Sr0A75TiO3 multilayer struc-
ture reveals switching of the resonance frequencies more than
two times, from 3.6 GHz (model) to 7.7 GHz (mode2), by
changing polarity of the 5V dc bias voltage at one of the fer-
roelectric layers. The resonance frequency switching is com-
bined with the analog tuning, which is found to be 1.0% and
0.5%, for series and parallel resonance frequencies, respec-
tively, in both model and mode2 at the 5V dc bias voltage
modulus. The tunability can be increased up to the theoretical
limit of 3%-4% by selecting ferroelectric material with
higher linear electrostriction coefficient. The mechanical
Q-factors of the composite resonators are up to 100 and 40 in
the model and mode?2, respectively. The Q-factors can be sig-
nificantly increased by using the BST films with smoother
surface, grown by magnetron sputtering, for example. The
measured parameters make the composite BAW resonators
very attractive, in particular, for application in advanced and
emerging microwave communication systems.
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