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Opportunities for Shear Energy Scaling  
in Bulk Acoustic Wave Resonators

sumy Jose and raymond J. E. Hueting, Senior Member, IEEE

Abstract—An important energy loss contribution in bulk 
acoustic wave resonators is formed by so-called shear waves, 
which are transversal waves that propagate vertically through 
the devices with a horizontal motion. In this work, we report 
for the first time scaling of the shear-confined spots, i.e., spots 
containing a high concentration of shear wave displacement, 
controlled by the frame region width at the edge of the resona-
tor. We also demonstrate a novel methodology to arrive at an 
optimum frame region width for spurious mode suppression 
and shear wave confinement. This methodology makes use of 
dispersion curves obtained from finite-element method (FEM) 
eigenfrequency simulations for arriving at an optimum frame 
region width. The frame region optimization is demonstrated 
for solidly mounted resonators employing several shear wave 
optimized reflector stacks. Finally, the FEM simulation results 
are compared with measurements for resonators with Ta2O5/
SiO2 stacks showing suppression of the spurious modes.

I. Introduction

bulk acoustic wave (baW) resonators are becoming 
increasingly important as the communication bands 

move higher into the frequency spectrum. Thin-film baW 
devices are used for rF selectivity in mobile communi-
cation system and other wireless applications. We dis-
tinguish film bulk acoustic wave resonators (Fbars), in 
which the resonator layers are freestanding, and solidly 
mounted resonators (sMrs) which involve a set of reflec-
tor layers to confine the acoustic energy to the resonator 
layers. sMrs have the advantage of convenient processing 
and good heat conducting properties [1]. another advan-
tage of sMrs over Fbars is that sMrs provide addi-
tional degrees of freedom for design optimization [2]–[6]. 
There are advantages of Fbars over sMrs as well, such 
as a higher electromechanical coupling coefficient and few-
er propagating spurious modes that must be suppressed 
(see, e.g., [7], [8]).

The reflector stack of an sMr must be designed for 
reflection of longitudinal and shear waves, because both 
types of waves can carry away energy to the substrate, 
thus reducing the quality factor Q for the main resonance 
of the resonator [2]–[6]. The reflection properties of a re-
flector stack can easily be calculated, provided that layer 
thicknesses and material properties are exactly known. 
However, in particular, experimentally determining the 

shear wave transmission through a reflector stack, which is 
a measure for the shear wave contribution of the Q in the 
sMr, has been proven to be relatively difficult. For this, 
dedicated techniques are required, such as the laser inter-
ferometric measurement technique [9], and the resonators 
must be fabricated on a glass substrate [10].

another issue is the unwanted or so-called spurious 
resonances evident in many practical devices. These spuri-
ous resonances are caused by the formation of higher or-
der lateral (lamb) wave modes for fulfilling the boundary 
conditions between main mode in the internal (or active) 
region of the resonator and the exponentially decaying 
displacement in the external region [11].

For suppressing spurious resonances in a resonator, the 
so-called frame region (Fr) at the edge of the resonator 
was introduced [11]; see Fig. 1. The frame region, which is 
a mass-loaded edge of the resonator, matches the desired 
vibration profile in the internal region of the resonator to 
the vibration profile in the surroundings of the resonator 
(the external region).

an improvement in the Q factor for the main resonance 
can be observed, however, when the Fr is applied to de-
vices with shear-wave-optimized stacks. The theoretical 
estimation of the amount of energy stored in shear modes 
varies from 0.05% [12] to 1% [2]. It has been reported [5] 
that for best spurious mode suppression, the Fr should 
have a width close to (2N + 1) λ/4, where λ is the hori-
zontal wavelength of the TE1 mode and N is an integer.

However, it has not yet been clarified exactly how the 
optimum frame region width should be determined. Fur-
thermore, as mentioned before, determining the shear 
wave transmission experimentally is relatively difficult. 
In this work, we propose a straightforward methodology 
to optimize the frame region width in sMrs compris-
ing shear-wave-optimized reflector stacks making use of 
FEM eigenfrequency simulations. For the first time we 
also demonstrate that shear wave spots, i.e., spots con-
taining a high concentration of shear wave displacement, 
arise below the frame region and that the number of these 
spots is controlled by the frame region width. We come 
up with a model for the quality factor to improve the in-
sight and address the issue of determining the shear wave 
transmission. Finally, some of the results are compared 
with experimental data obtained from resonators with 
dedicated Ta2o5/sio2 reflector stacks. note that spurious 
mode suppression in a Zno sMr was reported earlier [13], 
but with a focus on flat-amplitude mode and the coupling 
coefficient. In this work, our main purpose is to demon-
strate the shear energy confinement and its scaling. We 
use an optimized frame region which is traditionally used 
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to suppress the spurious modes as a tool for shear energy 
confinement.

This paper is outlined as follows. In section II, we will 
come up with a model for the quality factor to gain more 
insight of the effect of the frame region width on the en-
ergy storage and loss. section III elaborates on the meth-
odology for the frame region width optimization. section 
IV discusses the FEM simulation and measurement results 
and some remarks in this aspect are also highlighted. Fi-
nally in section V, the conclusions are drawn.

II. quality Factor Model

We propose a simple analytic model for improving the 
insight of the shear wave contribution toward Q and hence 
the energy loss. With this model we will show that the 
method to be presented in section III depends on device 
layout scaling, which in turn could influence the Q. after 
introducing this model, we will use the Fr width as a 
measure to inject controlled portions of shear wave energy 
into the series of resonators. Finally, we will describe how 
the various parameters (including the shear wave reflec-
tion coefficient) can be extracted from a series of resona-
tors.

The quality factor of the resonator with index m is 
related to stored energy Em and loss Lm per cycle accord-
ing to Q = Em/Lm [4], [5]. The stored energy is a sum of 
longitudinal and shear wave energies stored in the resona-
tor. The loss comprises shear wave energy and longitudi-
nal wave energy leaking into the substrate plus acoustic 
energy (of both types) leaking sideways away from the 
resonator. Hence, Em and Lm can be expressed as

 E E Em m m= +,L ,S, (1)

and

 
L L L L

T E T E L
m m m

m m

= + +
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 (2)

where Tl is the transmission of longitudinal waves, Ts 
is the transmission of shear waves, and Lside is the en-
ergy loss in the external region. To determine each of the 
parameters, we must construct a series of resonators for 
which we know how the quantities Em,l, Em,s, and Lside 
scale with the layout. Ts and Tl are fixed quantities for a 
given reflector stack.

It has been reported [5] that for the best spurious mode 
suppression, the Fr should have a width close to (2N + 
1) λ/4, where λ is the wavelength of the TE1 mode and N 
is a positive integer (N = 1, 2, 3, …). For these particular 
Fr widths, we know that the vibration profiles (and thus 
the stored energies Em,s and Em,l) in the internal region 
are the same. Furthermore, the displacement profile in an 
Fr of width 3λ/4 is a triple repetition of the displacement 
profile of the λ/4 Fr. Finally, the displacement profile of 

the external region is the same for all Frs, apart from a 
sign. The vibration of the external region is in phase with 
the vibration in the internal region (Ir) for N = 1, 5, 9, 
and exactly out-of-phase for N = 3, 7, ... . Thus, the side-
way loss Lside can be assumed to be the same for each of 
the devices.

let us now revisit the expressions for the stored energy 
and the lost energy per cycle and split them up according 
to the regions indicated in Fig. 1. We start with a reso-
nator series with an Fr width variation of quarter wave 
(qW) (2N + 1) λ/4 dimension such that the correspond-
ing fundamental eigenfrequency is the same for the whole 
series. Then, the displacement profile is the same for the 
whole series, except for the addition of another half-sine at 
the outer edge. The mode profile at the outer edge of the 
Fr is the same for the whole series as well, so the wave 
transmitted into the external region and the associated 
loss can be expected to be the same for all of them.

Under these assumptions, (1) splits according to the 
regions indicated in Fig. 1:
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where αl.Fr is the energy fraction of the longitudinal wave 
in the Fr (= Em,l.Fr/Em,Fr), and hence (1 − αl.Fr) is the 
energy fraction of the shear wave in the Fr. The index m 
can be dropped from Em,l.Ir because the mode shape in 
the internal region (Ir) is the same for all m, so the stored 
energy should be the same. Hence,

 E m Em,FR FRQW= ⋅ , (4)

Fig. 1. schematic cross section of the solidly mounted baW resonator 
(sMr) regions: the internal region (Ir), external region (Er), and the 
frame region (Fr). Half of the device structure has been implemented in 
the FEM simulations using a symmetry boundary condition at the axis 
of symmetry. 
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where EFrqW is the acoustic energy stored in the Fr when 
it is λ/4 wide. Here, the resonator index m is a measure of 
the Fr width W expressed in qW units: m = W/(λ/4). 
consequently, the shear wave energy stored (i.e., the shear 
wave spots) in the Fr is described by

 E m Em,S.FR L.FR FRQW= ⋅ − ⋅( ) ,1 α  (5)

and scales with the qW Fr width. This fact will be elabo-
rated upon in sections III and IV when we introduce the 
shear wave spot scaling.

an expression for the total loss for various m can now 
be written and (2) can be expanded as

 
L T E m T E
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Lside is expected to be equal for all m.
because Qm is equal to Em/Lm, we can define Qm us-

ing (7), see above. Eq. (7) has six unknowns: El.Ir, αl.Fr, 
EFrqW, Tl, Ts, and Lside. Hence, a series of at least six 
resonators is required to determine each of the parameters 
and, therefore, also the shear wave transmission. The qual-
ity factor for each of the resonators can be extracted from 
measurements, and further, the six equations with six 
unknowns can be solved to extract the parameters, e.g., 
using a least-square fit. The longitudinal wave transmis-
sion (Tl) and shear wave transmission (Ts) determined by 
this method allow estimation of the effect of an optimized 
reflector stack. The proposed methodology, as described, 
assumes the displacement profiles in the Ir to be the same 
for all of the resonators. Furthermore, it assumes that the 
displacement profile in the Fr repeats in each section of 
λ/4 width (apart from a sign). Finally, the displacement 
profile of the external region is the same (apart from a 
sign) for the whole series.

III. Frame region Width optimization

The idea behind spurious resonance suppression using 
an Fr is that it matches the boundary condition for a ho-
mogenous excitation in the internal region and the expo-
nentially decaying tails in the area outside the resonator. 
The optimal width of the Fr is close to a quarter-wave-
length of the TE1 mode usually visualized in the disper-
sion curve [5].

The traditional way of obtaining the dispersion curve is 
to employ harmonic analysis from simulation. However, in 
this work, we propose an eigenmode analysis on fully Fr 
covered finite-sized resonators with large discontinuities at 

their edges. FEM eigenfrequency simulations facilitate the 
direct construction of the dispersion curves from the dis-
crete eigenfrequency points. by using symmetry boundary 
conditions in FEM simulation settings, eigenmodes auto-
matically fulfill three boundary conditions: 1) uz ≠ 0, 2) 
∂uz/∂x = 0, and 3) ux = 0, with u being the displacement 
and x and z being the horizontal and vertical directions, 
respectively. We make use of this property to extract the 
eigenfrequencies from FEM eigenmode analysis to plot the 
dispersion curves.

For a practical finite baW resonator, dispersion curves 
are formed by discrete points on a smooth continuous line. 
The discrete points on the dispersion curves that form 
trapped standing wave resonances within the resonator 
width W can be determined in terms of the lateral wave 
number kx = mπ/W, with m = 1, 2, 3, … representing the 
modes [13], [14]. The frequencies of these modes, f = f (kx), 
can be determined from 2-d eigenfrequency simulations to 
plot a dispersion curve.

starting with an educated guess of the Fr width, i.e. 
one-quarter wavelength, in the simulations, the width can 
be further optimized for spurious suppression and wave 
confinement. To do so, two different dispersion curves 
must be constructed from eigenmode analysis, each us-
ing the symmetry plane in 2-d FEM: a dispersion curve 
originating from a resonator comprising the Ir and ex-
ternal region only, and a second dispersion curve from a 
resonator comprising the Fr, i.e., the mass-loaded (edge 
of the) resonator, and the external region (Er), see Fig. 2. 
both resonators have the same reflector stack and resona-
tor thickness.

The 1-d resonance frequency (TE1 mode) fr,1d of the 
Ir and the mass-loaded Fr have been verified from the 
impedance curves using 2-d FEM harmonic analysis, be-
cause the FEM simulations also depend on the meshing 
(which could cause numerical noise) and models. We veri-
fied the results with our 1-d Mason model calculations, 
showing good agreement. because the dispersion is of type 
I, the dispersion curve of the resonator will have a positive 
slope [2], as shown in Fig. 3.

Then, the wave number is taken from the dispersion 
curve of the mass-loaded resonator, corresponding to the 
fr,1d of the resonator comprising the Ir and external re-
gion only. The particular W of the mass-loaded resonator 
corresponding to fr,1d can then be calculated from the 
kx value corresponding to x-axis intercept kx = 2π/λ = 
π/(W) (with m = 1), and consequently the obtained W 
equals λ/4, refer to Fig. 3. Then, this eigenmode for the 
mass-loaded resonator (Fr and Er) may be combined 
with the 1-d mode of the internal region to form a consti-
tuted eigenmode at fr.1d.

 Q
E m E E

T E m Tm =
+ ⋅ ⋅ + − ⋅
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In FEM simulations, the displacement profiles or vi-
bration maxima against the position in an sMr with an 
optimized frame region width W, shown further in section 
III, can be divided into longitudinal motion and horizon-
tal (shear) motion. The difference between those can be 
distinguished inside the simulation tool so that we can 
pinpoint whether we observe shear or longitudinal motion 
(as shown in Figs. 6 and 7, discussed in section IV). In 
addition, the reflection of the type of waves depends on 
the reflector stack underneath the resonator. For instance, 
in the case of shear waves, these are reflected by our opti-
mized reflector stack, as predicted by our 1-d calculations 
reported in our earlier work [6] (see, e.g., Fig. 1). Fur-
thermore, we analyzed the displacement plots using the 
longitudinal and shear energy velocities in 1-d simulations 
and compared it with 2-d FEM simulations showing good 
agreement. This analysis confirmed the shear vibration 
which translates into the so-called shear-confined spots.

It is assumed that in the internal region there is only 
vertical displacement (as demonstrated with FEM simula-
tions in Figs. 6 and 7). now, below the frame region, in 
the top oxide layer, there is a strong spot of horizontal 
motion, i.e., shear wave motion [6], [15]. If the reflector 
had poor reflection properties for shear waves, then the 
shear-wave energy stored in this spot would leak into the 
substrate and there would be an overall decrease in Q. For 
a large device however, the decrease in Q is hardly visible 
because the amount of energy stored in this spot is very 
small as compared with the energy in the internal region, 

as can be found in the model discussed in section II. For 
a small device, change in Q will be more pronounced, and 
hence a shear-optimized reflector can be differentiated 
from a poor shear wave reflector. However because such 
a good shear-optimized reflector has sacrificed reflectivity 
for longitudinal waves, it is difficult to distinguish whether 
a change in Q is due to changed longitudinal reflectivity 
or changed shear-wave reflectivity. Therefore, we propose 
a possible methodology to experimentally determine lon-
gitudinal and shear wave transmissions using the principle 
of shear energy scaling.

We propose to make a series of resonators with frame 
region widths qW, 3qW, 5qW, etc., up to 11qW or more. 
all these frame regions will support 1-d motion (i.e., lon-
gitudinal motion only) in the internal region. at the same 
time, the shear wave motion scales with the frame region 
width, see (5). This is illustrated in Fig. 4: a growing 
number of shear spots will be seen when stepping to the 
next odd multiple of a quarter wavelength. as the number 
of frame region widths increases, more energy will be lost 
as shear energy in the frame region area. Hence, a reflec-
tor stack with poor shear wave reflection will suffer from 
a drop in Q as Fr width increases. on the other hand, in 
the resonator series with shear-optimized reflector stacks, 
Q will be more or less the same for the whole resonator 
series [5].

IV. FEM simulation and Experimental 
Verification

We verified the methodology described in section III by 
harmonic analysis in comsol FEM simulations (comsol 
Multiphysics, v. 3.5, comsol Inc., burlington, Ma) for two 
different resonators with each having a different shear-
wave-optimized reflector stack [15]. one is an aluminum 

Fig. 2. schematic cross sections of the resonators used in the 2-d FEM 
eigenmode analysis for the frame region optimization: (left) the resona-
tor comprising an internal region (Ir) and external region (Er) only, 
(right) the mass-loaded resonator comprising the frame region (Fr) and 
Er only. Half of the device structure has been implemented in the 2-d 
FEM simulations using a symmetry boundary condition at the axis of 
symmetry. Therefore, half the resonator width (W/2) is used and, con-
sequently, for the actual lateral wave number, we should multiply the 
width by a factor of 2. 

Fig. 3. Illustration of the optimization method. The top and the bottom 
dispersion curves correspond to the curve of, respectively, the resonator 
comprising an internal region (Ir) and external region (Er), and the 
one with a frame region (Fr) and Er (i.e., the mass-loaded resonator). 
The vertical dashed line indicates the kx value corresponding to the x-
axis intercept, from which the quarter-wavelength frame region can be 
calculated (m = 1).
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nitride (aln)-based sMr with a sio2/Ta2o5 reflector 
stack, for which we verified the optimum frame region 
widths in experiments, as will be shown later. The aln 
film is a dispersion type-II layer; however, the reflector 
stack is chosen such that we obtain dispersion type-I be-
havior. The second resonator is a zinc-oxide (Zno, type 
I)-based sMr with a W/sio2 reflector stack.

a 2-d FEM physical model of the sMrs with vary-
ing quarter-wave frame region widths were simulated to 
verify the scaling of shear spots. Half-structure simula-
tions were done, applying symmetry boundary condition 
(ux = 0, ∂uz/∂x = 0) at the center of the device. The only 
discontinuous layer is the top electrode (with free edge 
boundaries). at the right-hand edge of the devices, free 
boundary conditions with absorbing edges were defined 
to avoid generation of standing waves resulting from the 
reflection at the side of the resonator. To avoid the reflec-
tions from the substrate, a rayleigh damping condition 
was applied to the substrate layer.

starting with the frame region width obtained using 
the optimization method, i.e., around 5 µm, the 2-d FEM 
physical model was constructed with a series of qW frame 
region widths. note that this sMr is an aln (type II)-
based sMr, and to make the dispersion type I, we modi-
fied the top oxide layer thickness [6]. Further, the resona-
tor has a 9-layer sio2/Ta2o5 optimized reflector stack [12] 
at 1.88 GHz. a silicon nitride frame of 40 nm thickness 
was used.

The dispersion curves of the device with and without 
a frame region are shown in Fig. 5. because of the mass 
loading, the dispersion curve of the former has been shift-
ed downwards and its dispersion branch is not exactly 
parallel [17]. by mass loading, another material is added 
into the stack, yielding different properties. The results 
show that a frame region width corresponding to 5.37 µm 
is required to match the resonance frequency of the inter-
nal region, i.e., corresponding to one-quarter wavelength.

Fig. 6 shows the simulated displacement profiles of 
longitudinal (vertical motion) and shear (horizontal mo-
tion) waves at the resonant frequency for an sMr with 
varying quarter-wave frame region widths qW(5.37 µm), 
3qW(16.11 µm) and 5qW(26.85 µm). While varying the 

frame region width, the internal region is kept constant 
and the frame region extends outwards.

The figure shows that the longitudinal profile in the 
internal region remains almost the same for all three cases. 
In the frame region, the longitudinal energy scales. look-
ing at the shear displacement profile, a growing number 
of shear spots is observed when the frame region width 
is varied with an odd multiple of a quarter wavelength. 
This is a clear indication of the scaling of stored shear 
energy [see (5)]. It can also be seen from the figure that in 
the external region, the energy loss at the edge is not the 
same for all three cases, it seems to be scaling with (2N 
+ 1) · qW. The energy loss meant here is the energy loss 
from the resonator to the external region, which is seen 
as displacement indications in the plot in the external re-
gion. looking at the plot, one can see that external region 
displacement is decreasing when going from qW to 3qW 
to 5qW. This can, however, be attributed to the mesh-

Fig. 4. a schematic illustration of (a) shear-energy spot (or shear energy confinement) and (b) scaling of the shear-energy spots by varying the 
quarter-wave frame region width. In this exercise, the internal region (Ir) is kept constant and the frame region (Fr) extends outwards. a growing 
number of shear spots will be observed when stepping to the next odd multiple of a quarter wavelength.

Fig. 5. dispersion curves obtained from 2-d FEM eigenfrequency calcu-
lations for an aln sMr with a 9-layer sio2/Ta2o5 optimized reflector 
stack at a resonance frequency of 1.88 GHz. The black line is the curve 
for the device without a frame region, the red line is for the device with a 
frame region. The horizontal dashed line indicates the resonance frequen-
cy (fr,1d) at a lateral wavelength of kx = 0 1/m (zero per meter) for the 
former. For matching this frequency, a frame region width corresponding 
to kx ≈ 2.92·105 1/m is required, i.e., W ≈ 5.37 µm. 
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ing refinement and/or damping parameter applied in the 
absorbing boundary condition.

We have also verified the scaling of the shear spots in 
a Zno (type I)-based sMr with a 5-layer W/sio2 re-
flector stack with 2-d FEM simulations. The optimized 
quarter-wave frame region determined for this resonator 
was 5.35 µm. The resonator is designed to operate at 
1.96 GHz with an optimized reflector stack [12], [16]. The 
frame thickness used here was 85 nm.

The simulated displacement profiles of longitudinal and 
shear waves at the resonant frequency with varying qW 
frame region widths are shown in Fig. 7. In this case, the 
optimized frame region has not yet resulted in a flat lon-
gitudinal mode. This can be reached by further tailoring 
the layers in the external region and then adapting the 
optimization method. For the shear wave scaling to work, 
the flat amplitude mode is not a necessary criterion, be-
cause with a near-quarter Fr we can already see the shear 
wave confinement. of course, the flat amplitude mode is 
required for improving the coupling coefficient, but that 

is not a part of this work. The longitudinal profile in the 
internal region, on the other hand, remains the same for 
all three cases. below the frame region, the longitudinal 
energy again scales. The energy loss in the external region 
remains almost the same.

It is interesting to note the encroachment of shear en-
ergy into the resonator layers. For the Zno resonator, the 
amount of shear energy spots also scales with the varying 
frame region width, as in the aln resonator. However, this 
also holds for the shear energy in the piezoelectric layer 
below the frame region, which was not observed in the 
aln resonator. We think that the presence of shear energy 
in the active resonator area is attributed to the use of the 
type-I piezoelectric material. In our earlier work [6], we 
reported that this effect was also visible in a simple piezo-
electric slab with electric boundaries for the electrode, i.e., 
Fbar, and hence that it is independent of the reflector 
stack.

For verification, we carefully checked the stored energy 
values in the case of the Zno resonator with the shear-
wave-optimized sio2/W stack which shows no leakage in 
the external region. These FEM simulations were done 
with a frequency resolution of 0.5 MHz and a 0.5 µm 
mesh size. We extracted stored energy values from the 
results for various Fr widths up to 11qW. The results 
show that the stored energy in the active region is around 
1.1 mJ and the Q values of 3275 obtained with the 3-db 
bandwidth method remain almost constant up to 7qW. 
although the multiple qW lengths allow the shear energy 
scaling, the reflector stack below offers a good shear reflec-
tion, and hence Q remains mostly unchanged. The slight 
variation of the stored energy across various Fr widths 
can be attributed to numerical noise caused by meshing 
or rounding errors for the frame region width for higher 
multiples. This has affected especially 9qW and 11qW.

as mentioned earlier, the focus of this work is to dem-
onstrate shear energy scaling. The quality factor model 
treated in section II is to elucidate one possible applica-
tion of this method. Together with the Q dependency of 
frame region, one could also investigate the dependence of 
the coupling coefficient on variation of frame region width; 
however, that is beyond the scope of this paper.

For the frame region optimization, the FEM results 
have been verified experimentally. Fig. 8 shows a compari-
son between the measured and FEM-simulated impedance 
curves for a resonator with and without a frame region of 
5 µm. For completeness sake, the phase curves of the same 
devices are shown in Fig. 9. The 5 µm frame region in the 
experiments is not exactly at the optimum of 5.37 µm, 
although it suffices to show the trend. In both the simula-
tions and experiments, a significant reduction of the spu-
rious modes in the impedance curve is observed near the 
antiresonant frequency in the case of the resonator with 
an Fr, indicating the reduction of acoustic losses [5]. This 
also confirms that the optimized frame region works well 
with the shear-optimized reflector stack design approach. 
The frame region has been employed by the industry that 

Fig. 6. 2-d FEM results of the vertical displacement of longitudinal 
waves (vertical motion, left) and shear waves (horizontal motion, right) 
at resonant frequency fr ≈ 1.88 GHz of an aln-based sMr with a 9-lay-
er sio2/Ta2o5 reflector stack designed for various optimized quarter-
wave frame region widths (a) qW (5.37 µm), (b) 3qW (16.11 µm), and 
(c) 5qW (26.85 µm). The internal region (Ir) is kept constant and the 
frame region (Fr) extends outwards. The number of shear spots scales 
with the odd multiple of qW frame regions. boundary conditions at bot-
tom and top are assumed to be free of stress. absorbing boundaries were 
used at the right-hand side. 
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has been selling filters using frames and shear wave reflec-
tors for around 10 years. note that the main resonance 
peak shift in the experiments between resonators with and 
without the Fr could possibly be attributed by the pro-
cess spread.

V. discussion

There are some important remarks to be made about 
the proposed methodology. This methodology relies on the 
fact that the locations of longitudinal motion in the inter-
nal region and shear motion below the frame region can be 
split. This is achieved by an optimized frame region width 
on a type-I dispersion layer stack. For a type-II dispersion, 
1-d motion can be achieved in the internal region using a 
recessed region (mass removal) rather than a frame region 
(mass loading). according to the theory [11], one should 
then mass load the external region heavily. The latter has 
the practical problem that it requires a dielectric that is 

very heavy, heavier than the electrodes. This is virtually 
impossible. However, FEM simulations predicted that the 
frame region optimization method is not very sensitive to 
the exact configuration of the layer stack in the external 
region. It could be possible to check whether a recessed re-
gion can be designed to provide 1-d motion in the internal 
region without any modification of the external region but 
this is beyond the scope of this paper.

Fig. 7. 2-d FEM results of the vertical displacement of longitudinal 
waves (left) and shear waves (horizontal motion, right) at resonant fre-
quency fr ≈ 1.96 GHz of a Zno-based sMr with a 5-layer sio2/W 
reflector stack designed for various optimized quarter-wave frame region 
widths (a) qW (5.35 µm), (b) 3qW (16 µm), and (c) 5qW (26.75 µm). 
The internal region (Ir) remains constant and the frame region (Fr) 
extends outwards. The number of shear spots scales with the odd mul-
tiple of qW frame regions. boundary conditions at bottom and top are 
assumed to be free of stress. absorbing boundaries were used at the 
right-hand side. 

Fig. 8. comparison of impedance curves from measurements (top) and 
the comsol model (bottom) in an sMr with an optimized reflector stack 
with and without an Fr of 5 µm. The spurious resonances are sup-
pressed with the optimized frame region width both in the simulations 
and in the measurements. The active device area is 150 × 150 µm. 

Fig. 9. comparison of phase curves obtained from measurements (drawn 
lines) and the comsol model (dashed lines) in an sMr with an optimized 
reflector stack with and without an Fr of 5 µm. The spurious resonanc-
es near the anti-resonant frequency are suppressed with the optimized 
frame region width both in the simulations and in the measurements. 
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The methodology, as described earlier, also assumes the 
displacement profiles in the internal region to be the same 
for the whole resonator series. Furthermore, it assumes 
that the displacement profile in the frame region repeats 
in each section of λ/4 wide (apart from a sign). Finally, 
the displacement profile of the external region is the same 
(apart from a sign) for the whole series.

For the shear confinement to work, Fr does not need 
to be exactly qW but only nearly qW, which can be ob-
tained by the optimization method described in section 
III. This method does not guarantee a complete suppres-
sion of spurious resonances or enhancement of the coupling 
coefficient which is expected in the flat amplitude mode. 
This could be achieved by further tailoring the layers in 
the external region and then adapting the optimization 
method. nevertheless, that is not the focus of this work.

In FEM simulations, we have observed shear energy 
scaling also in a longitudinal quarter-wave reflector stack 
with careful choice of material properties that reflect shear 
waves significantly enough for the confinement. If the 
reflector had poor reflection properties for shear waves, 
then the shear-wave energy stored in this spot would have 
leaked into the substrate. However, the shear energy scales 
with odd multiple of quarter-wave frame regions once the 
shear energy is confined in the area under frame region.

The frame region optimization methodology is effi-
cient for its computational time, its ease of calculating 
the dispersion curves, and its straightforward calculations 
of quarter-wave width. on the other hand, it comes to 
its limits when the mass loading by the frame region is 
so heavy (for, e.g., heavy metal frame regions) that the 
fundamental mode frequency of the resonator comprising 
an Fr and Er decreases greatly. In this case, to match 
the frequency of that particular resonator (Fr + Er) to a 
resonator comprising an Ir and Er only, the higher order 
eigenfrequencies are needed which are not well resolved 
in comsol FEM simulations. When the width becomes 
comparable to its thickness, FEM eigensimulations give 
mixed modes for higher orders. Extrapolating the disper-
sion curve of the Fr + Er resonator with few initial ei-
genfrequencies can help, but it often introduces greater 
inaccuracies in the subsequent multiple Fr width when 
scaling. Hence, accurate determination of higher order ei-
genmodes is essential because the Fr optimization is very 
sensitive to eigenfrequencies.

In the reflector stack optimization methods [2], [4], [15], 
the enhancement in Q-factor is claimed as a consequence 
of the improvement in shear transmission. However, it 
would be additionally supportive if shear wave transmis-
sion can be extracted experimentally. The interferometry 
technique can only measure out-of-plane motion (vertical 
displacement), and hence only vibration amplitude of the 
longitudinal waves. consequently, even the interferometry 
techniques fail to measure the amplitude of shear waves 
directly. With this insight of shear energy scaling, the 
main challenge is to explore this knowledge to carry out 
further studies in this direction for any possibility of shear 
transmission extraction.

V. conclusions

We have reported for the first time an alternative pur-
pose of the optimized quarter-wave frame region; i.e., to 
control the shear confinement in the resonator. In addi-
tion, we report a novel methodology to suppress the spuri-
ous resonances in sMrs which is based on the formation 
of the dispersion curve. Usefulness of eigenfrequency simu-
lations to obtain an optimum frame region width has been 
verified experimentally. because the optimization method 
is straightforward, its use is facilitated also in other kinds 
of baW devices, such as Fbars, lateral baWs, and so 
on. The idea of shear energy scaling can be a good starting 
point to experimentally extract the shear wave transmis-
sion.
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