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Abstract—In this, the second of two papers, we present 
numerical simulations and comprehensive analysis of acousti-
cally coupled thickness-mode AlN-on-Si filters. We simulate 
the scattering parameters of such acoustically coupled filters 
using commercially available finite element analysis software 
and compare the simulation results with a set of measure-
ments. The simulations are in good agreement with the mea-
surements, allowing the optimization of filter characteristics. 
We analyze the filter response under varying geometric pa-
rameters and demonstrate that variations in the top electrode 
geometry allow the design of low-loss filters (insertion loss 
<5 dB) with percentage bandwidth up to about 1% and ripple 
less than 1 dB.

I. Introduction

Micromachined acoustic filters that are compact 
and support multiple frequencies and bandwidths 

are important to the next generation of communication 
systems. Bulk acoustic wave filters using electrically cou-
pled resonators, such as ladder-type film bulk acoustic 
resonator (FBAR) filters, are in common use in commer-
cial products and several techniques exist for their analy-
sis [1]–[3]. In this paper, we make use of finite element 
analysis (FEA) to design and analyze acoustically coupled 
thickness-mode piezoelectric-on-substrate (TPoS) filters. 
In TPoS filters, multiple resonating elements are acousti-
cally coupled through an elastic medium via evanescent 
waves [4]–[6]. Unlike FBAR filters, in which the passband 
is defined using electric coupling elements, the passband 
of TPoS filters depends on the dispersive propagation 
properties of Lamb modes and is much more challenging 
to accurately predict. Prior work on acoustically coupled 
filters has shown that the acoustic coupling between the 
resonators can be tuned by changing the interdigitated 
top electrode geometry [7]–[10]. Careful optimization of 
the number of interdigitated fingers, electrode width, and 

pitch is necessary to obtain good passband characteristics 
with low insertion loss, thereby justifying a detailed analy-
sis of filter geometry using numerical simulation tools.

In Part I of this paper [6], we presented an interdigi-
tated thickness-mode AlN-on-Si TPoS filter at 2.877 GHz 
with an insertion loss of 2.4 dB and a 3-dB bandwidth of 
12 MHz. In this part, we focus on the analysis of this filter 
and simulate its frequency response using Comsol Multi-
physics FEA software (Comsol Inc., Burlington, MA). We 
further consider variations of design parameters, such as 
top electrode layout and thickness, to provide a compre-
hensive analysis of their effect on the filter performance, 
namely insertion loss and bandwidth. Finally, by taking 
advantage of the simulation platform, we present some 
filter design and optimization guidelines, which will allevi-
ate the need for expensive and time-consuming fabrication 
trials.

II. Finite Element Modeling

Fig. 1 shows a scanning electron microscopy (SEM) 
top view of a fabricated AlN-on-Si filter, as presented in 
Part I. The cross section and top views of the TPoS filter 
configuration are schematically shown in Fig. 2. In this 
configuration, a piezoelectric layer acts as the transduc-
tion layer and the overall stack thickness and material 
properties define the thickness-mode resonance frequency. 
The operating principle of these filters is discussed in de-
tail in Part I.

The device shown in Fig. 1 was simulated with Comsol 
using the model presented in Fig. 2(a) and is analyzed us-
ing the piezoelectric application mode of the MEMS struc-
tural mechanics module. In this module, a multiphysics 
analysis is performed to solve the coupled wave equation 
which is obtained by considering the piezoelectric con-
stitutive relations. A harmonic voltage Vin (ω) is applied 
to the input port while the output port is grounded as a 
necessary condition for the computation of the admittance 
parameters. To account for the energy radiating into the 
substrate, a perfectly matched layer (PML) boundary is 
implemented at the device edges [11]. As a rule of thumb, 
at least 10 mesh elements per unit wavelength are includ-
ed for all simulations. From finite element simulations, we 
obtain the nodal current, which is integrated over the out-
put electrodes to give the total displacement current. This 
displacement current is converted into the admittance 
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parameters, which are finally converted to S-parameters 
(using 50 Ω termination impedance) for direct comparison 
with the measured filter response [12]. Because a linear 
and passive device is simulated, S21 = S12. We also take 
S11 = S22 because the device is symmetric. To facilitate it-
erative simulations and eliminate user-induced variations, 
the Comsol–Matlab (The MathWorks Inc., Natick, MA) 
interface is utilized. This setup is denoted the simulation 
platform or model throughout this manuscript.

A typical acoustically coupled filter as presented in this 
work has a minimum of 6 independent geometric design 
variables. These are the thickness of AlN and Si layers, 
thickness of the electrode layers, electrode width, number 
of electrode fingers, and electrode spacing. Varying the 
materials and material properties will add more variables, 
making the analysis significantly more complicated. In 
this work, we focus on the geometric variables—in par-

ticular, on the top electrode layout. Because there is no 
property variation in the third dimension, i.e., the disper-
sion curves along this direction remain unchanged, a 2-D 
analysis using plain strain approximation is undertaken 
for reduced simulation time.

The simulated results of the thickness-mode TPoS fil-
ter shown in Fig. 1 are presented in this section as a case 
study. The target stack dimensions for this filter are: Mo 
(100 nm)/AlN (1 µm)/Mo (100 nm)/Si (5 µm). The top 
electrode geometry consists of 20 interdigitated fingers, 
each 10 µm wide with a spacing of 5 µm (pitch of 15 µm). 
However, the actual dimensions of the fabricated filter de-
viate from the target design values. In particular, film 
thicknesses are critical and the silicon device layer of the 
SOI wafer used in this work has a thickness tolerance of 
± 0.5 µm. Fig. 3 shows a cross-sectional SEM view of the 
wafer stack at a location near the measured filter, reveal-
ing the actual thicknesses of the AlN and Si layers. The 
measured film thicknesses for AlN and Si are used for the 
purpose of fitting the simulation results to the measured 
response. Initial simulations are performed, taking the 
generally accepted published material properties for Mo, 
AlN, and Si [13]. As will be seen later, the piezoelectric 
properties of reactively sputtered AlN deviate from the 
bulk values and must be accounted for in simulations. The 
actual properties of sputtered AlN are extracted from the 
fitted simulation response and are used throughout the 
paper to analyze the characteristics of the TPoS filters.

The simulated and measured filter responses around 
the fourth-order thickness mode are plotted in Fig. 4. 
The two simulated curves in Fig. 4 represent the results 
obtained using nominal design parameters and the fitted 
parameters. The fabricated filter response shows a slightly 
different center frequency and roll-off as compared with 
the simulated response using nominal design parameters. 
In addition, the measured bandwidth is narrower than the 
simulated one using the target design parameters. This 
can be attributed to variations in the geometric param-
eters and material properties in the fabricated device as 

Fig. 1. A scanning electron micrograph of an acoustically coupled thick-
ness-mode piezoelectric-on-substrate (TPoS) filter discussed in detail in 
Part I.

Fig. 2. (a) A cross-section schematic view of a thickness-mode piezoelec-
tric-on-substrate (TPoS) filter showing the electrical boundary condi-
tions used in 2-D simulations and (b) a top view showing the electrode 
geometric variables (only the boxed area is modeled). 

Fig. 3. A cross-sectional scanning electron micrograph of the stack. The 
measured film thicknesses are used in the fitted simulation. Note that 
the buried oxide layer is removed in the filter area. Inset shows a close-up 
view of the AlN film.
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compared with target design values. With the geometric 
variations accounted for (through accurate SEM measure-
ments), the difference between fitted and measured re-
sponse can be attributed to variations in material proper-
ties only. Fig. 5 shows the measured and simulated (fitted) 
phase of S21 for the filter shown in Fig. 1.

In TPoS filters, the frequency separation between the 
in-phase and out-of-phase modes primarily determines the 
bandwidth, which can be tailored to a large extent by 
changing the layout of the top interdigitated electrodes 
[14]. The piezoelectric stress constant, e33, through the 

electromechanical coupling coefficient (k2), determines 
the amount of energy converted from the electrical to the 
mechanical domain in each of the two electroded regions 
vibrating in thickness-extensional mode, and hence larger 
e33 values would make it possible for more charge to be col-
lected at the output electrode with the same electric input 
signal. Depending on the sputtering conditions and seed 
material used, a wide range of e33 values have been mea-
sured for reactively-sputtered AlN [15], [16]. For example, 
e33 for AlN sputtered on Pt was extracted as ~1.43 C/
m2 in [15], i.e., 94% of the bulk value (1.55 C/m2). In 
addition, the exact orientation of the c-axis with respect 
to the wafer surface is not known. One can account for a 
non-vertical c-axis orientation by reducing the effective e33 
value. To show the effect of e33 on the filter response, a set 
of simulations were performed by varying the AlN piezo-
electric coefficient. Fig. 6 shows the response when the 
piezoelectric stress coefficient, e33, is reduced from 1.55 C/
m2 to 0.8 C/m2. The bandwidth is a much better match 
for e33 ~1.1 C/m2 for the deposited AlN film.

Table I lists some critical parameters used in the simu-
lations. As a first approximation, this work assumes fre-
quency-independent loss parameters. The loss parameters, 
or the damping ratio in the material, are set to match 
the measured insertion loss and quality factor of several 
filters on the wafer. These parameters are kept constant 
throughout the analysis presented in this work.

A significant advantage of finite element simulations 
over existing analytical techniques is the ability to predict 
secondary and spurious resonance modes with reasonable 
accuracy. Figs. 7(a) and 7(b) illustrate the measured and 
simulated second- and third-order thickness-mode re-
sponses (as seen in the broadband response of the filter 
shown in Part I), showing a good agreement. To verify 
the general applicability of the model, the performance 
of a few devices on a particular die were also compared 

Fig. 4. Frequency response near the fourth-order thickness mode of the 
filter shown in Fig. 1. The design curve shows the simulation result con-
sidering the nominal design values and material properties. The fitted 
response involves variation of geometric parameters and the piezoelectric 
stress constant, e33. Insets show harmonic response at in-phase and out-
of-phase frequencies. 

Fig. 5. The measured and simulated (fitted) phase of the filter shown in 
Fig. 1. 

Fig. 6. Simulated |S21| of the filter under varying AlN piezoelectric stress 
coefficient e33. A reduced e33 of 1.1 C/m2 is seen to best match the mea-
sured bandwidth and roll-off. The frequency shift seen with the increase 
in e33 may be attributed to the piezoelectric stiffening effect. 
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against simulations. Fig. 8 presents the results, showing 
good agreement between the measured and simulated re-
sponse of these devices.

III. Design Guidelines

Fundamentally, the TPoS filter arrangement draws 
inspiration from the monolithic coupled resonator filter 
(MCF) configuration implemented with quartz crystals 
[17]. Similar filter structures replacing quartz with grown 
or deposited piezoelectric layers have also been investi-
gated and simplified analytical expressions have been pre-
sented for them [8], [18]. Recently, a model was presented 
that analyzed acoustically coupled filters using superposi-
tion of eigenmodes [7], along the lines of earlier work on 
quartz-based filters [9]. Although this method is intuitive, 
it lacks sufficient detail needed to compute the accurate 
response of such coupled resonator filters.

In the previous section, we verified the accuracy and 
general applicability of our simulation model. Here, we 
use the same model to obtain the frequency response of 
TPoS filters under varying geometric parameters for the 
interdigitated electrodes. Based on the results obtained, 
we provide some design guidelines for achieving low-loss 
filters with different percentage bandwidths.

A. Center Frequency

The center frequency has a strong dependency on the 
film thickness, which is expected because the device oper-
ates in its thickness mode. For a given stack, the trapping 

range is fixed by the cutoff frequencies of the electrod-
ed and the unelectroded regions (see Part I) and defines 
the frequency range in which a filter response may be 
designed. Therefore, varying lateral geometries can only 
marginally shift the center frequency of the filter.

B. Bandwidth and Insertion Loss

Fig. 9 shows the effect of varying interdigitated elec-
trode spacing and number of electrode fingers on (a) the 
bandwidth and (b) the insertion loss of the filter. For this 
analysis, the electrode width is kept constant at 10 μm. 
The three curves represent three different electrode spac-
ing values (3, 5, and 7 μm). The bandwidth (taken at 
half power, or 3 dB) is seen to increase as the electrode 
spacing is decreased. This is due to the stronger acous-
tic coupling between the electroded regions because the 
coupling is inversely proportional to the width of the cou-
pling region (i.e., the region without electrodes on top). 
From Fig. 9, it can be seen that for a given electrode 
width and spacing, the bandwidth remains fairly constant 
with a large number of electrode fingers (number of elec-
trode fingers >32). However, as the number of fingers is 
increased beyond a certain point (40 in this case), the size 
of the device becomes too large and additional resonance 
modes corresponding to longer lateral wavelengths can be 
excited, resulting in larger passband ripples and degrading 
the insertion loss [Fig. 10(a)]. Therefore, to obtain a low-
loss and ripple-free passband, the electrode spacing must 
be reduced and the number of electrode fingers must be 
optimized.

A similar analysis is done to obtain the effect of varia-
tions in the electrode width. Fig. 11 presents the simu-
lated bandwidth and insertion loss as a function of the 
number of electrode fingers, keeping the spacing constant 
at 5 μm for three different electrode widths (10, 12.5, and 
15 μm). As seen from Fig. 11, a smaller electrode width 
provides a wider bandwidth. From the dispersion curves 
shown in Part I, we can expect that as the electrode width 

TABLE I. Parameters Used in the Finite Element Simulations. 

Acoustic 
damping

Dielectric 
loss tangent

Effective 
e33

AlN 0.0015 0.001 1.1 C/m2

Silicon 0.0005 — —

Fig. 7. Simulated and measured filter response for (a) second- and (b) third-order thickness mode of resonance.   
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decreases, frequencies of both the in-phase and the out-of-
phase modes increase as a result of the shortened lateral 
wavelength. However, because the shift in the out-of-phase 
frequency is larger than the in-phase one, the resulting 
bandwidth is wider. More reduction of the electrode width 
causes the two resonance modes to move further away, and 
the passband ripple increases (beyond 3 dB; see Fig. 12). 
An electrode width of ~10 µm can provide a wide band-
width without producing a large ripple in the passband. 
In general, smaller electrode spacing and narrower elec-

trode width with sufficient number of electrodes produce 
a wider bandwidth and a lower insertion loss. In addition 
to the top electrode geometries, the piezoelectric coupling 
coefficient e33 of AlN plays an important role on determin-
ing the passband ripple and the bandwidth [Fig. 10(b)].

Fig. 12 depicts the effect of top electrode geometry on 
the filter response, visualizing the results presented in 
Figs. 9 and 11. As shown, with the same stack thickness 
and material properties, the bandwidth of the filter can 
be designed to be anywhere between 0.2% and 1%, having 

Fig. 8. Comparison between the measured and simulated filter responses. All filters are on the same die. n is the number of electrode fingers. All 
devices have an electrode width in the range of 9.8 to 10.2 μm and finger spacing in the range of 4.8 to 5.2 μm, with number of electrode fingers 
as shown in the plots. The actual thicknesses of the AlN and silicon layers, as well as electrode dimensions, were measured using scanning electron 
microscopy and used in these simulations. AlN e33 of 1.1 C/m2 is used in these simulations.   

Fig. 9. Simulated filter (a) bandwidth and (b) insertion loss versus number of fingers for different spacing between electrode fingers. The electrode 
width is kept constant at 10 μm. All filters are centered at ~2.9 GHz. 
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an insertion loss of less than 5 dB and passband ripple of 
less than 1 dB. The ripple can be reduced by changing 
the thickness of the top electrode, as shown in Fig. 13. In-
creasing the electrode thickness results in a smaller band-
width and a flatter passpand, because of the higher energy 
trapping in the electroded regions and smaller coupling 
between them. Further increase in the electrode thickness 
(beyond an optimum value) results in increased insertion 
loss, as shown in Fig. 13 (inset).

In an earlier work on acoustically coupled ZnO-on-Si 
TPoS filters, it was shown that the bandwidth increased 
as the number of electrode fingers was increased [10]. In 
that work, the total device area and the electrode spac-
ing were kept constant and the number of interdigitated 
electrode fingers was gradually increased. This implies 
that the electrode width decreases as the number of fin-
gers increases. To verify this observation, simulations were 
setup for AlN filters and the results are plotted in Fig. 
14. It can be seen that the bandwidth indeed increases as 
the number of fingers is increased from 26 to 44 but this 
trend does not hold for other regions of the plot. A similar 
simulation was performed with ZnO. Similar to AlN, the 
bandwidth of ZnO-on-Si filters is seen to be a function of 

the number of fingers, having a positive slope only in a 
specific range. Depending on the stack material and geo-
metric configuration, the range of fingers for which such 
a relation is seen varies. Thus, by adjusting the number 
of fingers, the bandwidth of the filter can be controlled to 
some extent.

To observe the effect of the thickness ratio of silicon to 
AlN on the filter bandwidth, simulations were performed 
with thickness ratio of 3:1 and results are compared with 
the presented work, i.e., thickness ratio of 5:1. For both 
cases, the AlN film thickness is taken to be 1 μm and thus 
the Si layer thicknesses are 3 and 5 μm, respectively. The 
top electrode layout is kept the same in both cases and 
an exemplary result is plotted in Fig. 15. From the two 
curves, a larger frequency separation between the in-phase 
and out-of-phase modes and thus a wider bandwidth can 
be seen for a lower Si to AlN thickness ratio.

IV. Conclusion

We presented a simulation model using commercial 
FEA software applicable to the design and analysis of 
acoustically-coupled piezoelectric filters. The simulated 

Fig. 10. (a) Simulated filter response for n = 20 and n = 44 showing the generation of additional unwanted resonances in the passband as the num-
ber of fingers is increased beyond 40. For both curves, the top electrode has a width of 10 μm and spacing of 5 μm. (b) Simulated effect of reduced 
piezoelectric stress constant in AlN. For both curves, the top electrode consists of 20 electrodes, each 5 μm wide and having a spacing of 5 μm. 

Fig. 11. Simulated filter (a) bandwidth and (b) insertion loss versus number of fingers for different electrode widths. The electrode spacing is kept 
constant at 5 μm. All filters are at ~2.9 GHz. 
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response of an interdigitated thickness-mode AlN-on-Si 
filter agrees well with the measured results presented in 
Part I using an effective e33 of 1.1 C/m2 for AlN. Using 
the fitted parameters, plots presenting the effect of in-
dividual variables on the filter passband were presented 
and analyzed. It was shown, through simulations, that 
the inter-resonator coupling or the filter bandwidth can 
be varied by changing the top electrode geometry. This 
agrees well, in principle, with the theory presented in 
Part I. Therefore, tailoring the top electrode layout allows 
adjustment of the filter bandwidth, but it was shown to 
be eventually limited by the piezoelectric coupling of AlN. 
A maximum bandwidth of 1% is achievable with a piezo-
electric coefficient, e33, of only 1.1 C/m2 and Si-to-AlN 
thickness ratio of 5:1. If required, wider bandwidths can 
be obtained if the quality of sputtered AlN is improved or 

optimized Si-to-AlN thickness ratio is used. In general, it 
can be concluded that reducing interdigitated electrode 
width and finger spacing leads to a larger inter-resonator 
coupling, i.e., a wider bandwidth. Optimum designs based 
on these models can be expected to show a wide band-
width with a low insertion loss.

Although earlier work on MCF topology provides some 
similar guidelines for the filter design, precise filter design 
without multiple fabrication trials has not been possible. 
Lack of analytical solutions in closed form for complex 
geometries led us to rely on finite element methods to de-
termine the accurate frequency behavior of TPoS filters. 
With the development of the finite element analysis tool, 

Fig. 12. Simulated filter response indicating the effect of electrode width 
and electrode spacing. The top electrode layout is as marked. The num-
ber of electrode fingers is 20 in all cases. 

Fig. 13. Simulated response of a thickness-mode piezoelectric-on- 
substrate (TPoS) filter indicating the effect of the electrode thickness on 
the passband ripple. Increased electrode thickness improves the coupling 
and can reduce the ripple. Inset shows the filter response with electrode 
thickness of 200 nm. 

Fig. 14. Simulated filter bandwidth and insertion loss versus number of 
electrode fingers. For AlN-on-Si, the total device width is kept constant 
at 595 μm and interdigitated finger spacing is fixed at 5 μm. For ZnO, 
the device width is 260 μm and finger spacing is 3 μm. In both cases, 
as the number of fingers is increased, the electrode width is decreased. 
The results for AlN are at ~2.9 GHz, whereas those for ZnO are at 
~1.8 GHz. 

Fig. 15. Simulated effect of Si-to-AlN thickness ratio on the filter re-
sponse. For both simulations, the top electrode geometry consists of 20 
electrode fingers, each 10 μm wide with 5 μm spacing in between. The 
AlN film thickness is 1 μm in both cases. A wider bandwidth with a 
larger ripple can be clearly seen for the stack with reduced Si-to-AlN 
thickness ratio. 
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as shown in this paper, the time and cost of filter devel-
opment are expected to be significantly reduced, making 
these filters viable for commercial applications.
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