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INTRODUCTION

There is currently a growing interest in thin�film
electroacoustic microwave resonators of bulk acoustic
waves (BAWs) and radio�engineering devices based on
them (filters, duplexes). This is related to the fact that,
as compared to analogous devices for acoustic waves of
other types [1–8], the mass and dimensions of thin�
film BAW resonators are smaller by an order of magni�
tude and they can operate at higher frequencies in the
range of 2–12 GHz. At the same time, resonators of
such type serve as a basis for developing sensors of
physical and mechanical quantities and biosensor
chips. The operating principle of such sensors is based
on the superhigh sensitivity of the active resonator
region to the parameters of the environment [9, 10].
Such sensors are primarily relevant in branches of
medicine where timely and precise evaluation of the
general state of a patient required for correct diagnosis
and treatment is of particular significance. The key
parameters of such sensors are their accuracy, dimen�
sions, and the possibility of wireless instrument read�
ing. This allows fabricating chip�based implants that
allow monitoring the state of a patient over a long time
period.

It is known [11, 12] that a single�frequency thin�
film electroacoustic microwave resonator that oper�
ates for longitudinal BAWs consists of a thin piezofilm
(e.g., (0001)AlN) with metal electrodes on its upper
and lower surfaces. Acoustic insulation of the resona�
tor from the substrate can be accomplished in two
ways. The first method uses microtreatment to create
an air gap between the lower electrode and the sub�
strate. This is a so�called film bulk acoustic resonator
(FBAR). Another method is to use a structure

mounted on the substrate which houses an acoustic
reflector fixed between the resonator and the sub�
strate, which serves to prevent any acoustic interaction
of the active zone of the resonator with the substrate.
Figure 1 shows such a resonator design, called a solidly
mounted resonator�bulk acoustic wave (SMR�BAW).
The key parameters of the SMR�BAW resonator that
characterize its quality substantially depend on the
design of the acoustic reflector.
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Fig. 1. SMR�BAW resonator. (1) upper electrode,
(2) piezoplate, (3) lower electrode, (4) acoustic reflector,
(5) substrate.
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RESONATOR WITH A QUARTER�WAVE 
BRAGG REFLECTOR

As a rule, SMR�BAW resonators are designed using
a Bragg�type acoustic resonator [12]. The Bragg
reflector provides effective localization of the longitu�
dinal oscillation mode in the piezoactive layer mate�
rial. It is a multilayer periodic structure consisting of n
pairs of material layers with substantially different
acoustic impedances Zа = ρV (per surface unit), where
ρ is the density of the material layer, V is the velocity of
the longitudinal BAW, and the thickness of each layer
is λ/4, where λ is the length of the longitudinal BAW
in the layer material.

If the layer thickness is equal to a quarter�wave�
length, the phase of the reflected wave differs from the
phase of the incident wave by 180° after reflection
from the lower surface of the first layer in the Bragg
reflector. Interference of the incident and reflected
waves is accomplished by the first Bragg layer (and
then each successive layer) with a mirror which reflects
the acoustic energy back to the resonator.

The Bragg reflector stack operates by reflecting
some portion of the acoustic energy of longitudinal
oscillations back to the resonator at each layer inter�
face. The more pronounced the differences in the
acoustic properties of the pair layers, the more effi�
cient the reflection at the layer interfaces and the
smaller the number of pairs in the reflector. Figure 2
shows the acoustic impedances Zа of some materials
that can be used in designing the Bragg reflector.

It follows from Fig. 2 that from the standpoint of
the ratio of impedances Zа, the following material
pairs are optimal for the Bragg acoustic reflector:
SiO2/W, SiO2/Pt, SiO2/Mo, SiO2/Ni.

The central operating of the SMR�BAW resonator
is estimated from the elementary ratio f = V/(2h),
where V is the velocity of the longitudinal BAW along
the direction perpendicular to the surface of the piezo�
active layer from (0001) AlN (for AlN, V ~ 11 km/s),
and h is the layer thickness. At thicknesses of the

(0001)AlN layer on the order of 0.2–2 µm, the operat�
ing frequency range of such a resonator is 2–12 GHz.
In the general case, the central resonator frequency f
depends not only on the thickness of the AlN layer but
also on the thickness and type of material of the upper
and lower electrodes (Al, Ti, Mo, Ni, W, Au); it can be
estimated with the help of the modified Nowotny–
Benes theory [13]. This theory is based on the rigorous
solution of equations that describe wave processes in
the multilayer structure the resonator is made of by
using correct boundary conditions at the interfaces of
all layers. This makes it possible to calculate the reso�
nator formed by any number of arbitrarily positioned
arbitrary layers.

Figure 3 shows the modulus |Z| and the phase ϕ of
the electric impedance of the SMR�BAW resonator
designed to operate at a frequency of 10 GHz with a
classical Bragg reflector formed by four pairs of the
SiO2/Mo layers. These quantities were calculated
using technique [14]. The material constants for AlN,
Mo, SiO2 required for calculations were taken from
[15, 16].

The minimum of the impedance |Z| corresponds to
the resonance frequency (the resonance frequency of
the series) fs = 10 GHz; for this, the thicknesses of the
active zone of the resonator were selected as follows:
the thickness of the upper Mo electrode was 0.05 µm,
the thickness of the (0001)AlN layer was 0.26 µm, and
the thickness of the lower Mo electrode was 0.06 µm.
The thicknesses of the layers in the Bragg resonator are
as follows: 0.15 µm of the SiO2 layer (the velocity of
the longitudinal BAW is 5.969 km/s) and 0.17 µm of
the Mo layer (the velocity of the longitudinal BAW is
6.66 km/s), which makes a quarter�wavelength at
10 GHz. The impedance maximum corresponds to
the antiresonance frequency fp (the parallel resonance
frequency).

The resonance and antiresonance frequencies
determine the effective resonator electromechanical

coupling coefficient  [1]:2
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Fig. 2. The acoustic impedance Zа = ρV for some materials.
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Here,  = 6.6%.
The rigorous Nowotny–Benes theory used in this

case allows calculating not only the electric properties
of the resonator but also the spatial distribution of all
quantities (namely, three components of mechanical
displacements, three normal components of the strain
tensor, a normal component of the electric�flux den�
sity, and the electrical potential). In particular, Fig. 4
plots the calculated dependences of the component of
longitudinal | |u1| and transverse | |u2| depth displace�
ments for the analyzed SMR�BAW resonator.

The curves in Fig. 4 show that the Bragg reflector
consisting of four pairs of SiO2/Мо layers provides
acceptable suppression of acoustic interaction of the
resonator with the substrate for longitudinal wave dis�
placement; however, it does not hinder the arrival of
the wave with the transverse (shear) displacement
component to the substrate.

One of the most important parameters of SMR�
BAW resonators is the FOM (figure of merit)quality
index, determined as [10]

Here,  is the effective electromechanical coupling
coefficient, and Q is the resonator Q�factor. The larger
the FOM, the higher the resonator quality.

When developing bandpass filters based on SMR�
BAW resonators it is desirable to ensure three things:
the effective electromechanical coupling coefficient

 a high Q�factor, and the absence of parasitic res�

onances [10]. The coupling coefficient  is directly
associated with the accessible width of the filter band
and filter insertion losses. The Q�factor mainly affects
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the insertion losses and the steepness of the filter band
edges. Parasitic resonances in the vicinity of the main
resonance of the device yield an increase in insertion
losses in the filter passband.

The effective electromechanical coupling coeffi�

cient  depends on the quality of the (0001)AlN
active layer (from the standpoint of its piezoproper�
ties) and on the ratio of the electrode and piezolayer
thicknesses. Traditional explanations for the mecha�
nisms of Q�factor limitation are related either to vis�
cous losses in the material and energy side leaks or
with scattering at surface roughnesses. All these mech�
anisms do exist. The mechanism of Q�factor limitation
in the SMR�BAW resonator owing to losses that
appear due to shear BAWs was studied in [17]. Theo�
retically, the shear components of mechanical dis�
placements in a BAW should be absent in the case of
the used orientation of the AlN film. However, they
can appear in a real structure owing to edge effects
near the resonator boundary regions, microrough�
nesses on the surfaces, and their nonideal parallelism.
As a result, some energy is transferred to these
shear waves, which can substantially deteriorate the
total Q�factor of the resonator.
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Fig. 3. Dependences of modulus |Z| (curve 1) and phase ϕ
(curve 2) of resonator electrical impedance on frequency f.
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Fig. 4. Modulus of longitudinal (a) and transverse (b) dis�
placement components as a function of the x coordinate
perpendicular to layer surfaces for SMR�BAW resonator
operating at 10 GHz with Bragg reflector from four alter�
nating pairs of SiO2 and Mo layers.
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It was shown in [17] that damping of the longitudi�
nal BAW due to the Bragg reflector at an operating fre�
quency of 1859 MHz is 40 dB. Damping of the shear
wave for the Bragg reflector is only 5 dB. If nearly 1%
of the total energy is transferred to the shear wave
energy, the total Q�factor of the resonator can decrease
by an order of magnitude.

The resonator Q�factor can be calculated from the
general definition [17]:

where the total energy Etot is assumed to consist
of energies related to the longitudinal and shear waves
Etot = Elong + Eshear. Analogously, the total losses in the
system are assumed to consist of the energies of losses
of longitudinal and shear waves that pass through the
reflector, ΔEtot = ΔElong + ΔEshear. Thus, it follows that

where Qlongand Qshear are the Q�factors that depend on
the energy losses of longitudinal and shear oscillations.

In this case, the design of the acoustic reflector
substantially affects trapping of the energy of both the
longitudinal and the shear waves. The quarter�wave
Bragg reflector efficiently reflects longitudinal BAWs,
while shear BAWs are not reflected (see Fig. 4). The
reason is as follows: the shear wave velocity in the
majority of materials is equal, as a rule, to half the lon�
gitudinal wave velocity. Thus, the shear wave mirror
represents λ/2 layers and, thus, the greater part of the
shear wave energy passes freely through such layers.

,tot totQ E E= Δ

1 1 1 ,long shear

tot long tot shear

E E

Q E Q E Q
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RESONATOR WITH AN ASYMMETRIC 
REFLECTOR

An acoustic reflector whose layer thicknesses were
selected using a law more complicated than the quar�
ter�wave law was proposed in [18] to provide acoustic
insulation of the shear wave. The law of distribution of
reflector layer thicknesses was established based on the
requirement that the reflector should provide similar
effective damping of both longitudinal and shear
waves. Figure 5 shows the design of a resonator with an
asymmetric acoustic reflector with an (LHL) (0.5H 2L
0.5H) (LHL) structure, where L (Low) and H (High)
are layers with low and high acoustic impedance Za.

If we denote the thicknesses of the L and H layers as
tL and tH, respectively, then, according to [18], we have

 

where

In these expressions, λL and λH are the lengths of lon�
gitudinal BAWs in the L and H layers, respectively,

 and  are the velocities of the longitudinal
BAW in the L and H layers, respectively, and  and

 are the velocities of the shear BAW in the L and
H layers.

In our case, SiO2 was taken as the material with low
acoustic impedance (L layer), while Mo served as the
material with high acoustic impedance (the H layer).
We used a version of material constants providing the
following velocities:  = 5969 m/s,  =
3763 m/s (for SiO2), and  = 6660 m/s,  =
3501 m/s (for Mo).

In accordance with the above formulas, the SMR�
BAW resonator was calculated for a resonance fre�
quency of 10 GHz using technique [14]. In the one�
dimensional theory [13], the shear wave is absent for
the used AlN orientation; therefore, the amplitude�
frequency characteristic of the resonator with an
asymmetric reflector is almost the same as that for the
resonator with a quarter�wave reflector (see Fig. 3). It
is necessary to keep in mind that the quarter�wave res�
onator does not shift the resonance frequency of the
resonator that is formed only by three layers, namely,
the AlN layer and two electrodes (a membrane resona�
tor). Therefore, the resonator and reflector can easily
be calculated separately. An asymmetric resonator
slightly shifts the resonator resonance frequency (in
our case, upwards), and as a result, the structure
should be calculated as a whole. First, the reflector is
calculated using the formulas of [18]; then the reso�
nance frequency of the entire system is “adjusted” by
selecting the thickness of the AlN layer and/or elec�
trodes. In the result of this procedure the following
thicknesses of the resonator and reflector layers which
provide the amplitude–frequency characteristic that

,
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almost coincided with that shown in Fig. 3 was
obtained. The thickness of the (0001)AlN film was
0.22 μm, the thickness of the upper Mo electrode was
0.0686 μm (fine frequency adjustment), and the thick�
ness of the lower Mo electrode was 0.07 μm. The
thicknesses of the L and H layers in the acoustic reflec�
tor were tL = 0.11 μm and tH = 0.24 μm.

The acoustic properties of the asymmetric reflector
are illustrated by the curves in Fig. 6, which plots the
calculated dependences of the modulus of the longitu�

dinal and shear displacement |u1| and |u2| on the x coor�
dinate deep into the structure.

These dependences show that the asymmetric
acoustic reflector provides acceptable suppression of
the resonator acoustic interaction with the substrate
both for longitudinal and shear oscillation (cf. Fig, 4).

EXPERIMENT

The experimental model of the SRM�BAW resona�
tor with an asymmetric reflector was fabricated based
on the calculation data. The area of the resonator elec�
trodes was 0.01 mm2. A micrograph of the transverse
section of the resonator layers in shown in Fig. 7. The
resonator was fabricated using the techniques
described in [19].

Figure 8 plots the experimentally measured fre�
quency dependences of modulus |Z| and phase ϕ of the
electrical impedance for the fabricated SMR�BAW
resonator model.

Comparison of these dependences with the calcu�
lated ones (Fig. 3) reveals that the agreement between
them in not quite satisfactory. First, a frequency shift
is observed. Second, there are some quantitative and
qualitative divergences. The frequency shift is
explained by the inevitable technological error in the
formation of the thicknesses of all layers. Within this
error, the following thicknesses can be obtained in the
calculation process: 0.073 μm for the upper Mo elec�
trode, 0.23 μm for AlN, 0.07 μm for the lower Mo
electrode, tL = 0.1 μm, and tH = 0.28 μm. The antires�
onance (and resonance) frequencies for these thick�
nesses will shift downwards and become equal to
~9.92 GHz, which almost coincides with the corre�
sponding experimental values of 9.9 GHz (see
Fig. 8a). However, the quantitative and qualitative dif�
ferences of the experimental and calculation curves
will remain. The curves in Fig. 3 will simply shift
downwards in frequency, their shapes remaining
unchanged.

These differences are attributed to the parasitic
active and reactive elements that are always present in

2.5

2.0

1.5

1.0

0.5

1.50.50 1.0
x, μm

|u1|, nm

0
1.50.50 1.0

x, μm

|u2|, nm

(а)

(b)

2.0

Fig. 6. Modulus of longitudinal (a) and transverse (b) dis�
placement components as a function of the x coordinate
perpendicular to layer surfaces for SMR�BAW resonator
operating at 10 GHz with asymmetric reflector.

200 μm

Mo electr.

Mo (H)

Mo (0.5)

AlN
SiO2 (L)

SiO2 (2L)
Mo (0.5)

Mo (H)

SiO2 (L)

SiO2 (L)

SiO2 (L)

Fig. 7. Microphotograph of transverse section of multilayer structure of SMR�BAW resonator.



518

ACOUSTICAL PHYSICS  Vol. 59  No. 5  2013

DVOESHERSTOV et al.

any real structure and to the possible excitation of par�
asitic waves which propagate parallel to the layer sur�
face (Lamb waves). All these factors cannot be taken
into account within the theory that describes wave
processes in the resonator layers. This theory takes
into account only the properties of the layers them�
selves, namely, elastic, piezoelectric, dielectric, and
dissipative. The latter are taken into account by adding
a small imaginary part to the material constants, which
simulates acoustic losses in the layer materials. It is
most convenient to add the imaginary part to the
material density, since any material (piezoelectric,
dielectric, metal) has a nonzero isotropic density that
cannot be said about other material constants (in the

general case, tensor ones). The ratio of the imaginary
density part to its real part can be set as 1/Qmech, where
Qmechis the mechanical Q�factor of the material. In this
study, the following magnitudes were used: Qmech =
1500 for AlN, Qmech = 500 for Mo, and Qmech = 1000 for
SiO2. These magnitudes determine the Q�factor of the
entire resonator. For example, the calculated Q�factor
of a membrane resonator with zero�thickness elec�
trodes is 1500. The presence of Mo electrodes with
finite thickness reduces this Q�factor; however, it can�
not make it smaller than 500 (1000 for SiO2 layers).
The experimental Q�factor of the resonator is substan�
tially lower, and this cannot be taken into account
within the wave theory, which describes the processes
only in the resonator layers. Parasitic elements of the
structure cannot be introduced into the wave equa�
tions; however, they can be easily taken into account
with the help of the modified Butterworth–Van Dyke
(BvD) model [20]. The basic BvD model represents an
equivalent electric circuit that includes a series LCR
circuit with the capacitance C0 connected in parallel.
The series LCR circuit includes an equivalent
dynamic capacitance Cm, the equivalent dynamic
inductance Lm, and the equivalent dynamic resistance Rm.
The quantities Cm and Lm determine the resonance fre�
quency of the resonator; Rm, the acoustic losses in the
resonator layers. All these three quantities are equiva�
lent and cannot be determined in the framework of the
BvD model itself. They can be estimated only by com�
paring the amplitude–frequency characteristic of this
model with an analogous characteristic obtained from
experiment or with the help of a rigorous theory. The
quantity C0 represents static capacitance of the capac�
itor formed by the electrodes and the layer (layer)
between them. This is a real quantity that can be cal�
culated and measured experimentally. The value of C0
determines the resonance frequency of the resonator.
The basic BvD model also describes the processes only
in the resonator layers. The advantage of this model is
related to the fact that any parasitic elements (active,
reactive, parallel, series ones) in any combination can
easily be connected to the equivalent circuit of the
basic model. Different versions of such circuits can be
found in the literature. In the literature, the basic
model with the related parasitic elements is called the
modified BvD model. The equivalent circuit of the
modified BvD model used in our study is shown in
Fig. 9.

Here, Cp is the circuit capacitance, which shunts
the specific gap of the resonator, and Rs is the ohmic
resistance of the electrodes and the entrance paths.
Resistance R can be simulated both as real shunting
ohmic losses due imperfections of mounting and
acoustic losses due to excitation and propagation of
parasitic waves along the resonator surface (Lamb
waves). Capacitance C can include the capacitance of
the elements of structural placement and/or the mea�
suring circuit, as well as the reactive properties of par�
asitic waves.
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Elements Cm, Lm, and Rm of the equivalent circuit in
the basic BvD model can be determined unambigu�
ously by comparing the amplitude�frequency charac�
teristic of this circuit with the characteristic calculated
using the rigorous theory [13]. Static capacitance C0 is
calculated based on the geometrical dimensions and
dielectric properties of the resonator active zone. For
the analyzed resonator, the following values were
obtained:

Cm = 0.191 pF, Lm = 0.00141 μH, 
Rm = 0.159 Ω, C0 = 3.657 pF.

The parasitic element of the equivalent circuit can�
not be calculated at all. Moreover, there are no meth�
ods for measuring them or experimentally separating
them one from another. They can be only selected
based on the condition of maximum closeness of cal�
culation and experimental results. It is possible to
simultaneously vary (increase) Rm to simulate addi�
tional acoustic losses in resonator layers due to tech�
nological imperfection. In this case, the following val�
ues were obtained:

Rm = 0.24 Ω, Rs = 8.8 Ω, 
Cp = 0.5 pF, R = 35 Ω, С = 0.43 pF.

The calculated dependence of the resonator
impedance for the frequency obtained for the equiva�
lent circuit of the modified BvD model is shown for
these values in Fig. 10.

These dependences are almost identical to the
experimentally obtained ones (see Fig. 8). The fre�
quency of the parallel resonance is 9.9 GHz.

Based on the steepness of the ϕ(f) curve, it is possi�
ble to estimate the Q�factor of the resonator at the par�
allel resonance frequency fp [12]:

where ϕ is the phase of impedance Z in radians.
The thus�obtained Q�factor of the resonator was

Qр = 150. The calculated dependences give an esti�
mate of the same order of magnitude.

The obtained experimental value of the effective

electromechanical coupling coefficient was  =

1 ,
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2
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5.2% (calculation performed with the modified BvD

model gives  = 5.37%).
Thus, joint application of the rigorous Nowotny–

Benes theory and the modified BvD model makes it
possible to obtain theoretical calculation results that
almost coincide with the experimental results
obtained for the resonator model fabricated based on
calculation data. In addition, the BvD model allows
studying the specific reasons for the change in the
parameters of a real resonator compared to the calcu�
lated parameters obtained with the rigorous theory. In
particular, it can immediately seem that the high
ohmic resistance of the electrodes and input paths Rs
drastically reduces the Q�factor at the series resonance
frequency, but it does not affect the parallel resonance.
The Q�factor at the parallel resonance frequency
decreases mainly due to additional acoustic losses that
appear in the layers in the result of technological
imperfections (surface roughness of nonideal parallel�
ism) or energy losses in the transverse direction due to
excitation and propagation of parasitic Lamb waves.
Additional losses inside layers are simulated by
increasing the equivalent dynamic resistance Rm;
losses due to parasitic waves, by increasing resis�
tance R.

The shunting parasitic capacitance Cp results in a
decrease in the antiresonance frequency fp and, thus, a
reduction in the effective electromagnetic coupling

coefficient  However, capacitance Cp does not
affect the series resonance frequency.

Finally, capacitance C, which shunts the entire cir�
cuit, mainly results in a general shift of the impedance
phase curve downwards toward negative values. With�
out this capacitance, the phase curve beyond the reso�
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this study.
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nances should be in the vicinity of zero. The presence
of this capacitance can be attributed to peculiarities in
the structural mounting, elements of the measuring
setup, and reactive properties of transverse parasitic
waves.

CONCLUSIONS

The entire history of acoustoelectronics as an
important scientific and applied interdisciplinary field
[21, 22] points to the following key tendencies: appli�
cation of new types of waves and physical phenomena
to develop and upgrade electroacoustic devices and
improve their characteristics by using new materials
and technologies. In particular, the tendency toward
increasing the frequencies and miniaturization of ele�
ments of acoustic and radioelectronic devices related
to it is of particular importance. The development of
miniature and high�frequency elements opens new
fields of application and increases the density of the
processed data flows.

This study is devoted to the problems of transition
to the frequency range from units to tens of GHz. This
gives rise to new physical and engineering problems,
some of which were discussed above. A numerical
analysis is presented of the key parameters of the
SMR�BAW resonator based on the piezoelectric thin
(0001)AlN film with different types of acoustic reso�
nator designed to operate at 10 GHz. A prototype of
the SMR�BAW resonator with an asymmetric acoustic
reflector was developed, and the results of an experi�
mental study of the resonator parameters are given.
Comparative analysis of theoretical calculation of the
resonator parameters and the experimentally obtained
data was performed using the Nowotny–Benes theory
and the modified Butterworth–Van Dyke model.
The results of the analysis revealed the reasons why the
Q�factor of the resonator was affected.
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