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Finite Element Modelling of Nanostructured
Piezoelectric Resonators (NAPIERS)

Joe E. A. Southin and Roger W. Whatmore, Member, IEEE

Abstract—A new modification to the traditional piezo-
electric thin film bulk acoustic wave resonator (FBAR) and
solidly mounted acoustic wave resonator (SMR) is proven
to significantly improve their performances. The proposed
design involves the surface micro/nano structuring of pla-
nar piezoelectric thin films to realize an array of a large
number of rod-like structures. In contrast to the plate-like
thickness extensional resonance in traditional FBAR and
SMR devices, the rod-like structures can be excited in their
length extensional resonance, yielding a higher electrome-
chanical coupling factor and effectively eliminating the spu-
rious resonances from lateral modes of vibration. The de-
signs have been investigated by two and three-dimensional
finite element analyses and one-dimensional transmission-
line modelling. The results show that significant increases
in the electromechanical coupling factor of ca. 40% can be
achieved by using the rod-like length extensional resonances
as compared with the plate-like thickness extensional res-
onances in traditional devices. Simulations show that rod
width-to-thickness aspect ratios of less than 0.5 could re-
sult in an electromechanical coupling factor (k2g;) of over
10% for a zinc oxide device, compared with approximately
7% for a conventional design.

I. INTRODUCTION

IGNIFICANT study has been conducted in previous
S years on the behavior of piezoelectric resonating struc-
tures and devices by means of finite-element analyses
(FEA). The drive toward systems miniaturization has been
one of the major factors in the design of piezoelectric
acoustic resonators, and finite-element modelling (FEM)
has been shown to be a useful tool in the development and
optimization of devices.

The work on 1-3 piezoelectric-polymer composites [1]—
[5] has enabled the development of a new class of mate-
rials/devices with significantly increased piezoelectric co-
efficients (especially hydrostatic), now commonly used in
underwater sonar applications and ultrasonic transducers.
In these materials, an array of piezoelectric rods with one-
dimensional (1D) inter-connectivity are encased in a poly-
mer matrix of three-dimensional (3D) inter-connectivity.

The piezoelectric thin-film bulk acoustic resonator
(FBAR) has been used widely as a frequency control de-
vice in wireless broadband communication systems due to
its high quality factor, excellent stability against temper-
ature variations, and demonstrated compatibility with in-
tegrated circuit processing. A layer of piezoelectric ma-
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Fig. 1. Conventional design of a membrane-supported FBAR (a) and
SMR (b).

terial is sandwiched between two metal electrode layers.
AC electric fields in the thickness direction form longitu-
dinal acoustic waves that propagate through the structure,
causing the FBAR structure to resonate in the thickness-
field-excitation mode. The sandwich structure is often sup-
ported on a membrane layer formed by bulk micromachin-
ing, as depicted in Fig. 1(a). Solidly mounted structures
are also used whereby multiple impedance-transforming
layers on a solid substrate acoustically isolate the piezo-
electric layer from the substrate, often referred to as solidly
mounted resonators, or SMR, as depicted in Fig. 1(b).
In the latter design, a piezoelectric thin-film is deposited
on top of a succession of quarter-wave-thick high and low
acoustic impedance materials which act to acoustically iso-
late it from the substrate [6].

FEM has been applied to a wide variety of
micro-structured piezoelectric resonators, including the
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Fig. 2. Schematic illustration of the proposed NAnoscale PIEzoelec-
tric Resonator (NAPIER) device. A piezoelectric thin-film is de-
posited on the substrate and is then structured into an array of rods.
Top electrodes in the form of web-like interconnecting air bridges are
required to electrically connect all rods in parallel.

membrane-FBAR and SMR structures. Some work has
been conducted to further the understanding of the origins
of spurious resonances in FBAR devices and other struc-
tures. Makkonen et al. showed FEM results successfully
simulating the modes responsible for these spurious reso-
nances [7], [8], and later confirmed their work by studies of
the surface displacements for a variety of electrode shapes
using laser probing [9], [10]. FEM studies by Kunkel et al.
[11] of the resonance modes operating within piezoelectric
resonant structures have provided data that explain the
interaction between different resonance modes. The elec-
tromechanical coupling factors of different modes, mode
interaction, and other topics are also covered by Lerch [12].

This paper describes a new modification to the tradi-
tional FBAR design that could significantly increase the
electromechanical coupling factor and resonator Q-value,
at the same time reducing the problematic spurious reso-
nances associated with the plate-like thickness extensional
resonance modes. This could be achieved by patterning the
device on the nano-scale. The design consists of an array of
rods resonating in parallel with one another, referred to as
the NAnoscale PIEzoelectric Resonator (NAPIER) array,
depicted schematically in Fig. 2. This contrasts with the
more conventional design in which a planar piezoelectric
layer undergoes thickness extensional resonance.

II. METHODOLOGY

For the purpose of the numerical modelling, three
piezoelectric materials were selected for study: zinc oxide
(ZnO), aluminium nitride (AIN), and lead zirconate ti-
tanate (PZT). Gold (Au) was chosen as both the top and
the bottom electrode materials, and silicon (Si) was se-
lected as the substrate material. For the membrane-FBAR
models, the membrane material is silicon nitride (SiNy).
The acoustic reflector material pair for the SMR models
are magnesium (Mg) and tungsten (W), with alternating
layers of each. The final layer in contact with the silicon
substrate is tungsten.

ANSYS version 5.7 (ANSYS, Inc., Canonsburg, PA)
was used to perform the necessary 2-dimensional (2D) and
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3D finite element simulations. The 3D simulations made
use of the 8-node, hexahedral, linear, coupled-field element
SOLID5 supplied in ANSYS for the piezoelectric materi-
als and the 8-node, linear, structural element SOLID45
for the non-piezoelectric materials. In 2D simulations, 4-
node quadrilateral linear coupled-field elements PLANE13
were used for the piezoelectric materials, employing the
plane-strain option whereby the suppressed dimension is
assumed to be infinite. The models were truncated at
the edges of the membrane where fixed boundary condi-
tions were applied in an approximation to the real device.
The voltage degree of freedom on the nodes of each elec-
trode were coupled together, implying ideal conduction,
and voltage potentials of 0V and 1V were applied to the
bottom and top electrodes, respectively.

Four different types of structures were investigated.
First, a planar FBAR configuration was used to model the
response of a traditional FBAR design. The second and
third types of structures consisted of a piezoelectric block,
either supported by a membrane layer or solidly mounted
on a stack/tower of acoustic reflector layers on a substrate,
referred to herein as the membrane-FBAR and columnar-
SMR, respectively, Fig. 3(a) and (b). The fourth struc-
ture consisted of a piezoelectric block on planar acoustic
reflector layers on a substrate, referred to herein as the
planar-SMR, as depicted in Fig. 3(c). Periodic boundary
conditions were applied to the latter three models to simu-
late the effects of an array of resonating blocks. The thick-
ness of the ZnO piezoelectric layer was fixed at 1 ym and
the widths of the blocks varied between 0.01 and 20 pum,
in order to determine the effects of changing aspect ra-
tio on the frequencies of the vibrational resonance modes.
Both modal and harmonic analyses were run to charac-
terize the behaviors of the finite-element models. Resistive
and dielectric losses were not considered, as only mechan-
ical losses could be included in coupled-field analyses in
ANSYS version 5.7. In all models, a mechanical loss factor
of 0.0012 was used.

The behaviors of the resonators were characterized in
harmonic analyses by the electrical input impedance, cal-
culated from the resultant nodal voltage V; and charge
Q; on the top electrode according to Z; = V;/I;, where
I, = —2miQ,;f = —iw@;, and f is the frequency. The ab-
solute value of the electrical input impedance was used to
visualize the behavior of the resonators.

Both modal and harmonic analyses were employed to
determine the resonance and anti-resonance frequencies for
each vibrational mode of the piezoelectric resonator. For
the modal analyses, short circuit (electrical voltage ¢ = 0)
and open circuit (charge Q9 = 0) resonance frequencies
are obtained by solving the constitutive equations under
the appropriate electrical boundary conditions. These cor-
respond to the series resonance, fs, and parallel resonance
frequencies, f,, respectively. A finite-element modal anal-
ysis determines the complete spectrum of series and par-
allel resonance frequencies in a certain frequency range
but it is up to the user to pair the frequencies in sets
that correspond to the underlying vibrational modes. Non-
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Fig. 3. Details of the finite-element model for (a) the nanostruc-

tured membrane-FBAR, (b) the nanostructured columnar-SMR, and
(c) the nanostructured planar-SMR.
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piezoelectric, or purely elastic, modes can be identified and
eliminated immediately, because they have identical series
and parallel resonance frequencies. For harmonic analy-
ses, it is a valid assumption to use the frequencies of the
minima and maxima in electrical input impedance as the
resonance and anti-resonance frequencies, respectively, for
a piezoelectric with a low loss. This method has the bene-
fit of being able to visualize the frequency response of the
piezoelectric resonator and so help to pair the correct reso-
nance and anti-resonance frequencies, but at the cost of an
increased computation time. Also, it is up to the user to lo-
cate any resonances in the impedance data, which reduces
the number of modes that are identified.

For each vibrational resonance mode, the separation be-
tween the resonance and anti-resonance frequencies is in-
dicative of the strength of the electromechanical coupling
factor. An effective electromechanical coupling factor, ke,
can be defined for a given mode [13]:

(hot)? = (ff‘—f) 0

where ke depends on both the material coupling factor
and the resonator geometry, and so will be affected by
varying the aspect ratio of the resonator device.

A semi-automated routine was prepared to carry out
the modal analyses in order to determine the resonance
and anti-resonance frequencies of piezoelectric blocks of
varying aspect ratio. The series and parallel resonance fre-
quencies of a 1-pum-thick piezoelectric block were deter-
mined as the width-to-thickness aspect ratio was increased
from 0.01 to 10 pm in exponentially increasing intervals.

III. RESONATOR MODELLING

When conducting finite element analyses, it is impor-
tant to ensure that an appropriate mesh density has been
chosen to guarantee accurate results. For acoustic devices,
it is important that the mesh is sufficiently dense to en-
able the effects of travelling acoustic waves to be deter-
mined. An element size smaller than one-twentieth of the
wavelength of the acoustic waves under study is preferred.
Convergence testing of results with increasing mesh den-
sity implied that 10 mesh divisions through the thickness
of the piezoelectric layer were sufficient. Due to the long
computational time required to find solutions for the 3D
models, it was decided to focus efforts on 2D analyses.

One of the difficulties associated with FEM of thin-film
devices is the availability of appropriate material parame-
ters, as thin-film values may vary considerably from bulk
values. Although a vast amount of data exists on the mate-
rial properties of piezoelectric thin-films in literature, rela-
tively few address a complete characterization of any par-
ticular material. For many cases, the only alternative is to
use bulk values and to be aware that the results from the
subsequent FEA results may be affected as a result. The
material parameters used for the numerical analyses de-
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TABLE I
PIEZOELECTRIC MATERIAL PROPERTIES FOR ZNO THIN-FILM [14],
MoTorora PZT 3203HD Burk CERAMIC [15], AND ALN
THIN-FILM [16].

ZnO  PZT AIN  Units
p 5670 7850 3260  kg/m?3
B 2070 1434 3450 GPa
ek 1177 929 125.0  GPa
e 1061 1029 1200  GPa
e 2095 1425 3950  GPa
448 25.5 118.0  GPa
ek 4465 25.3 110.0  GPa
es1 —062 —11.67 —0.58 C/m?
ess  0.96 19.68 1.55  C/m?
eas —037 1423  —048 C/m?
ey, 833 1513 9.04 €0
€3, 831 1301 10.73 €0

tailed here are shown in Table I for ZnO thin-film, a bulk
PZT ceramic, and AIN thin-film.

IV. RESULTS

Comparisons of 2D and 3D data obtained by modal
analyses to yield the resonance and anti-resonance frequen-
cies of freely-suspended ZnO blocks have been shown to be
consistent. The only differences observed were the omission
of several modes of vibration in the 2D data, such as tor-
sion modes, and a disagreement of the order of 15% for
the predicted resonance frequencies in the extreme case of
low-aspect-ratio rod-like models. Agreement between 2D
and 3D data for plate-like models were typically < 0.1%.
Where accurate data were required for piezoelectric rods,
full 3D analyses were used.

The results for the modal (series) resonance frequencies
of freely-suspended piezoelectric blocks of varying aspect
ratios for ZnO, PZT, and AIN are shown in Fig. 4(a)—(c).
The rod-like extensional resonance mode can be seen in
all three figures as the mode with the relatively flat re-
sponse for lower aspect ratios. A series of “terraces” can
also be seen in the figures for higher aspect ratios, indi-
cating plate mode resonances such as the thickness-shear
and thickness-extensional modes, consistent with the re-
sults of Kunkel et al. [11]. The anti-resonance (parallel)
modal results appear very similar to those presented for
the resonance (series) modes, and so are omitted here. It is
possible to measure the separation between the resonance
and anti-resonance frequencies, enabling a calculation of
the effective electro-mechanical coupling factors through
(1). The overall behavior of the different modes with vary-
ing aspect ratios is similar across the three different mate-
rials used, and the plate-like resonance and anti-resonance
frequencies agree well with what is expected from theory
(see Section V).
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Fig. 4. Modal resonance frequencies as a function of aspect ratio for
piezoelectric (a) ZnO, (b) PZT, and (c) AIN freely suspended blocks,
as determined by 2D modal analyses.

A series of 2D plane-strain harmonic analyses of piezo-
electric blocks were run using ZnO, PZT, and AIN as the
piezoelectric material for comparison to the modal analy-
ses results. The resonance and anti-resonance frequencies
were recorded and paired where possible in order to cal-
culate the effective electro-mechanical coupling factors of
each mode as the piezoelectric block aspect ratios were
varied. The effective electromechanical coupling factor re-
sults for ZnO, PZT, and AIN as calculated by harmonic
analyses agreed well with the modal analysis results. The
results for ZnO material are shown Fig. 5. The effects of
including the electrode layers in the finite-element model
can be seen in Fig. 5(b).
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Fig. 5. Effective electromechanical coupling factors for the first few
resonance modes in a freely suspended ZnO block of varying width-
to-thickness aspect ratio (a) without electrodes and (b) with elec-
trodes, as determined by 2D harmonic finite-element analyses.

The mass-loading effects of the additional electrode lay-
ers are clearly visible in Fig. 5. The mode associated with
the rod-like extension for the lower-aspect-ratio models
can be attributed to the mode with the highest electrome-
chanical coupling factor in each case, which has been ver-
ified by modal analyses. Slightly different behavior of the
rod-like mode is noticed at lower frequencies, in that the
modal frequencies tend to form a slight peak for aspect ra-
tios at around unity, instead of forming a plateau at lower
aspect ratios in the absence of electrode mass-loading. A
large number of interacting modes of vibration clustered
around the plate-like mode accounts for the “terrace” on
the previous modal results. This makes it difficult to calcu-
late the electromechanical coupling factor for the plate-like
mode at higher aspect ratios from modal analyses alone
as it becomes increasingly more difficult to pair the reso-
nance and anti-resonance modes as the density of modes
increases. The factor is easily calculated from harmonic
analyses, with electromechanical coupling factors corre-
sponding well to that expected from theory. The way in
which different modes compete with one another in the
electromechanical coupling factor results appears to be
consistent with the results shown in Kunkel et al. [11].
What is immediately apparent is that the rod-like modes
show a significant increase in the electromechanical cou-
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Fig. 6. Modal resonance and anti-resonance frequencies for a
membrane-supported ZnO piezoelectric block as a function of as-
pect ratio, as determined by 2D modal analyses. Modes with high
coupling factors can easily be identified as the modes which have
an appreciable difference between the resonance and anti-resonance
modal frequencies.

pling factor over the plate-like mode, suggesting an in-
creased resonator performance may be possible by imple-
menting rod-like resonances.

Limitations of using harmonic analyses in this way in-
clude the fact that pairing of resonance and anti-resonance
still needs to be performed, and accuracy of the calcu-
lated coupling factors relies on the resolution of data points
in the harmonic analyses. Well-separated modes are free
from the former problems, but are still receptive to er-
rors arising from the limited resolution of the harmonic
analyses, as can be seen by the unsmooth variations in
the coupling factor data for the highest coupling modes in
Fig. 5. The errors in the lower coupling modes most prob-
ably arise from incorrect pairing of resonance and anti-
resonance modes. As this method requires the data from
each resonance mode to be manually extracted, only a sub-
set of data is gathered leading to a greatly reduced density
of data points as shown undulating in Fig. 5.

A. Membrane-Supported FBAR Structure

The modal method for determining resonance and anti-
resonance frequencies was applied to the membrane-ZnO-
FBAR structure, including the presence of Au electrodes
0.1 pm thick. Both the resonance and anti-resonance
modal frequencies are shown in Fig. 6, and the effective
electromechanical coupling factors for the two highest cou-
pling modes are shown in Fig. 7. These results imply that
a coupling factor of greater than 0.1 can be achieved for
aspect ratios of less than 0.5, and a coupling factor of as
much as 0.112 for aspect ratios less than 0.01. Interest-
ingly, the second mode indicated in Fig. 7 peaks relatively
sharply at an aspect ratio of approximately 1.5, also con-
firmed by harmonic analyses. It should be noted that full
3D analyses are required if accurate data are sought for
piezoelectric rod-like structures. The shapes of these two
modes have also been calculated by modal analyses and
are also shown in Fig. 7 (inset). A second resonance mode
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Fig. 7. Effective electromechanical coupling factors for the first two
resonance modes in membrane-supported ZnO block (including elec-
trode layers) as a function of aspect ratio, as determined by 2D modal
analyses. Also displayed (inset) are the shapes of the two modes,
showing contour plots of the vertical displacement field.

exists between f, and f, of the main resonance for a range
of aspect ratios between 0.1 and 0.6, as shown in Fig. 6.
This mode is not expected to degrade the performance
of the main resonance as f, and f, are identical for this
mode, indicating that it is a purely structural mode and
not piezoelectric.

B. Solidly Mounted Resonators

One-dimensional analytical modelling of both the
membrane-FBAR structure and the SMR structure was
performed using the well-known transmission-line equation
together with the analytical solution for a 1D slab of piezo-
electric resonator. This 1D modelling approach was imple-
mented using the software package MathCAD alongside
finite-element analyses in ANSYS to aid the optimization
process of the SMR, acoustic reflector layers.

To demonstrate the performance of acoustically isolat-
ing layers in a planar-SMR model, three harmonic FEM
simulations were run with 0 reflector layers, 1 pair of reflec-
tor layers, and 3 pairs of reflector layers. ZnO was chosen
as the piezoelectric material, and all dimensions were as
indicated in Fig. 4, with the exception that a planar ZnO
layer was specified instead of a single block. The harmonic
frequency response of electrical input impedance for the
three cases are shown in Figs. 8(a)—(c).

The over-mode type resonances of the 200-pm-thick sil-
icon cavity that couple to the fundamental thickness mode
of the ZnO layer operating at approximately 1.8 GHz can
clearly be seen. An increasing acoustic isolation can be
achieved by adding larger numbers of acoustic reflector
layers in between the piezoelectric layer and the substrate.
A single clearly defined thickness resonance and accept-
able acoustic isolation from the substrate can be achieved
by three pairs of acoustic reflector layers in such a system,
as illustrated in Fig. 8(c).

It is also possible to illustrate the behavior of the SMR
structure using 1D analytical modelling. Lakin et al. [17]
make reference to the concept of an acoustic reflector band-
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Fig. 8. Electrical input impedance frequency response of a solidly
mounted acoustic wave resonator, as determined by 2D harmonic
finite-element analysis. The figures show the results of simulations
including (a) no pairs, (b) one pair, and (c) three pairs of acoustic
reflector layers. An increasing level of acoustic isolation is achieved
as the number of acoustic reflector layers is increased.

width that can be calculated by the 1D transmission-line
model. The 1D analytical model was used to determine the
frequency response of a 1-um-thick ZnO resonator acous-
tically isolated from a 400-pm-thick silicon substrate by
means of 10 pairs of magnesium and tungsten acoustic
reflector layers, and the results showed that the acoustic
reflector operates optimally for a range of frequencies in
which the acoustic waves are confined to the piezoelec-
tric resonating layer. By carefully considering operating
frequency, material properties, and layer thicknesses, an
appropriate acoustic reflector bandwidth can be tailored
to suit a particular device.
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C. Columnar-SMR and Planar-SMR

The harmonic technique for determining the resonance
and anti-resonance frequencies has been applied to both
the columnar-SMR and planar-SMR structures, as illus-
trated in Fig. 3(b) and (c). ZnO was chosen as the piezo-
electric material. Ten pairs of reflector layers were used;
the layer thicknesses were 0.8 pm thick for both W and
Mg. The simulations indicate that an optimum effective
piezoelectric coupling factor of approximately 0.11 can be
achieved using an aspect ratio of 0.85 for the columnar-
SMR structure. Similarly, an optimum effective piezoelec-
tric coupling factor of approximately 0.07 can be achieved
using an aspect ratio of 0.9 for the planar-SMR structure,
but full 3D analyses are required for accurate results. The
results are very similar in form to those shown in Fig. 5,
and so have been omitted here.

D. Summary

High mesh-density, 3D quarter-symmetry model modal
analysis was run for each structure with an aspect ratio
of 0.1 to determine an accurate prediction of the perfor-
mance of each model, with ZnO being the material of
choice. The results predicted a coupling for the planar-
SMR of k%; = 0.115 which is significantly higher than
the 0.07 calculated from 2D analyses. The results for the
columnar-SMR, and membrane-FBAR were kZ; = 0.085
and kg = 0.122, respectively. The electromechanical cou-
pling factor for a traditional planar membrane-supported
FBAR was calculated as kZ; = 0.052 + 0.002 from 2D har-
monic analyses, which compares with approximately 0.07
for real devices [18]. These results imply that there is a sig-
nificant increase in coupling for the three nanostructured
designs studied, particularly the membrane-FBAR.

The 2D finite element modelling of the electrical in-
put impedance of the membrane-FBAR structure has been
verified by comparisons to experimental data of FBARs
fabricated at Cranfield University [18], and have shown
reasonable agreement. The positions of the fundamental
thickness resonance and anti-resonance frequencies match
up very well, and the data even show the presence of reg-
ularly spaced spurious resonances. Unfortunately, these
FEM results do not incorporate electrical losses due to
the limitations of ANSYS version 5.7, and so result in a
poor quality fit of data.

In order to create a useful bulk acoustic wave resonating
device using the ideas discussed, a large array of resonating
rods would need to be excited to achieve the required elec-
trical characteristics. This presents a number of challenges
for fabrication; however, the predicted increase in the res-
onator coupling coefficient would alone provide significant
reason for proceeding, not ignoring the suppression of the
problematic spurious modes. The finite element results im-
ply a predicted increase in resonator coupling factor of ca.
40%, which it is hoped will transfer to the final NAPIER
devices.

Although the implementation of rod-like arrays in
piezoelectric resonators may improve performances, there
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are several potential disadvantages of the proposed struc-
ture. First, it would be particularly challenging to fabri-
cate these devices as they have been described, although
not impossible. Several options are available for the sur-
face structuring of the piezoelectric layer into rods, such
as e-beam lithography and subsequent reactive ion etch-
ing. A second problem that may be encountered could be
increased losses due to the more complex structure pro-
posed. These losses may be large enough that they even
cancel out the advantages of employing rod-arrays.

V. VALIDATION OF RESULTS

It is important to validate the accuracy of any data
determined from numerical simulations. One way in which
this can be achieved is by comparing the numerical results
with well-understood analytical solutions. In the case of
piezoelectric resonating structures, the resonance and anti-
resonance frequencies of particular resonant modes can be
used as a suitable comparison.

The fundamental resonance frequency, l(r), of a piezo-
electric rod or bar-like structure of length [, operating in
the length-extension mode, is obtained by the solution to
the transcendental equation [13]:

2

tan (10(”)) =30/ (k)" (2)
where v = wl/2, a®) = (psB)"%, kY = dss/ (Ls5) ",
w = 2w fl(r), and where all symbols have their usual

meaning. The fundamental anti-resonance frequency, fQ(T),
is governed by the simpler transcendental equation
cos (va(D)) = 0, which yields

m_m [ 1
fs =5 ps3D3’ m odd, (3)

where all symbols have their usual meaning.

Similarly, the resonance and anti-resonance frequencies
of a flat piezoelectric plate of thickness ¢, undergoing thick-
ness extension, can also be calculated, and the fundamen-
tal resonance frequency, 1(p )

the transcendental equation

tan (w@)) _ w(3)/ (k(3>)27 @

where v = wt/2, al® = (p/é(B)))l/Q, B = el + €25 /e5s,

kG = es3/ (€§3é(3))1/2, w = 27rf1(p), and where all symbols
have their usual meaning. The fundamental anti-resonance
frequency, 2(p ), is governed by the simpler transcendental

equation cos ('yoz(?’)) = 0, which yields

cE 4+ e2, /&S
2(p) _ m 33 33/ 337 m odd, (5)
2t p

where all symbols have their usual meaning.

, can be determined by solving
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TABLE II
VALIDATION OF FEM RESULTS.

Mode Material Target result (GHz) FEM result (GHz) Ratio  keg (FEM)
mo 2095 ses  tomo O
xtension AN S0 S oo O
. O
mo 3120 im0 oo 020
reine T S T
Pzr ) 2308 S5 oo 002

It is pertinent to add that (2)—(5) are valid only for loss-
less resonators, and when the aspect ratios of the struc-
tures are sufficiently rod-like or plate-like. It should be
noted that requirements of being rod-like become more
stringent as the piezoelectric coupling factor increases. Ad-
ditionally, the effects of massive electrodes have not been
taken into account here.

The resonance and anti-resonance frequencies for the
two end-point cases of the rod-like and plate-like modes of
the freely suspended piezoelectric blocks were calculated
by both modal and harmonic analyses. There was good
agreement between the analytical and 2D FEM results for
the plate modes. As the 2D FEM results for the rod modes
were typically 15% different from the expected analytical
results, full 3D analyses proved necessary to achieve good
agreement. The FEM results of 2D plates and 3D rods
are displayed together with the analytical calculation re-
sults for comparison in Table II. The results show excel-
lent agreement between the analytical and finite-element
results, with results typically less than 0.1%. The calcu-
lated electromechanical coupling factors from (1) for the
finite-element analysis results are also included.

VI. CONCLUSIONS

Several structures have been considered and analyzed
using 1D analytical modelling with the transmission-line
equation and 2D and 3D finite-element modelling analyses.
A suggested structure has been proposed for the NAPIER
array, and the geometry optimized using FEM. The va-
lidity of the FEM results has been tested by comparisons
with analytical end-point solutions and the comparisons
have shown excellent agreement for both the rod and plate
modes for ZnO, PZT, and AIN.

The results suggest that a higher coupling factor can be
achieved over the standard FBAR design by implement-
ing rod-type instead of plate-type resonance modes. The
planar-SMR type structure appears not to give any no-
ticeable advantages over the plate membrane-FBAR. How-
ever, the columnar-SMR and membrane-FBAR structures
implementing the rod-like NAPIER array present signifi-

cant advantages in terms of increased coupling and reduced
spurious resonances. For the membrane-FBAR structures,
an aspect ratio of less than 0.5 is required for all the rod-
like resonating blocks in order to achieve an effective cou-
pling of over 0.1 for ZnO piezoelectric material. Optimum
performance can be achieved for rod widths < 100 nm
for resonators where the piezoelectric layer is of the or-
der 1 pm thick. For higher frequency resonators, a thinner
piezoelectric layer is required, implying even tighter con-
straints on the widths of the rods and the need for the
nanostructuring of such devices.
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