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Featured Application: Rapid prototyping of thin-film acoustic wave resonators with high precision.

Abstract: Realizing thin-film acoustic wave resonators presents many design and fabrication chal-
lenges. Actual material specifications always differ from nominal material properties employed in
simulations, as they depend on the deposition technique and parameters used and on equipment
type and status. Moreover, each deposition process introduces a degree of uncertainty regarding
the thicknesses of the layers. All these factors have a substantial impact on the resonance frequency,
which often differs from the designed value. This work details the design and fabrication of an
aluminum nitride (AlN)-based thin-Film Bulk Acoustic wave Resonator (FBAR) showing one of
the highest products of Q-factor and electromechanical coupling of 6895. The design process is
based on an innovative, fast, and scalable design and fabrication approach that considers fabrication
tolerances. The algorithm returns very fast results on the order of seconds, and successfully estimates
the resonance of a designed stack at 2.55 GHz with a very low error of 0.005 GHz (about 0.2%).
The FBAR layer stack is suspended on a polymeric membrane and an innovative rapid dissolving
sacrificial layer made of Lift-Off Resist (LOR). This new fabrication protocol obtains resonators with
an electromechanical coupling factor of 4.7% and a maximum quality factor of 1467, respectively.

Keywords: thin-film acoustic wave resonators; flexible resonators; Monte Carlo simulations; rapid-
prototyping

1. Introduction

Thin-Film Bulk Acoustic-wave Resonators (FBARs) represent one of the most promis-
ing technologies concerning other microelectromechanical resonators [1,2]. An FBAR
consists of a stack formed of a piezoelectric layer sandwiched between two electrodes on a
suspended cavity (back-trench and air-gap) or an acoustic Bragg grating (Surface-Mounted
Resonators, SMR) [3,4]. The fabrication of the first FBAR was reported in 1980 [5], and
nowadays, with the maturity of their fabrication processes [6], this technology has gained
remarkable interest.

FBARs present unique features: they can easily reach frequencies between 1 and
20 GHz [7] and are characterized by the highest Q-factor and the smallest footprint reported
in the literature [8] and a low insertion loss combined with high selectivity [9]. In addition,
their fabrication process allows large-scale production as it is fully compatible with silicon-
integrated circuit technology. All these features make them the world’s smallest and
best-performing resonator technology [10].
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The commonly used simulation methods for the design of FBARs, such as the Equiv-
alent Circuit Analysis (ECA) [11] and the Finite Element Method (FEM) [12–14], always
require knowledge of the specifications of the materials composing the stack. These specifi-
cations can differ from the experimental ones, as they depend on the equipment technology
and status, the deposition recipes, environmental conditions, and so on. Furthermore, each
deposition process introduces a degree of uncertainty on the thickness of each layer due
to the fabrication tolerances. The latter becomes a crucial challenge to overcome as even
small variations in the top electrode thickness cause resonant frequency drift because of
the mass-loading effect. Moreover, the design procedure loses validity if the piezoelectric
thickness changes. All these drawbacks, if included in the commonly used models, increase
the computational time [12].

In Reference [15], the FEM simulations were combined with a deep learning approach
based on artificial neural networks; however, thousands of simulated data samples are
necessary, making the method unsuitable for fast prototyping.

By contrast, in Reference [16], this problem was treated using FEM simulations whose
parameters were refined with a closed feedback loop to minimize the error with measure-
ments; however, this approach requires a very high computational cost as it exploits 3D
FEM simulations.

In addition to the design problems, using a back trench to withstand the structure
causes resonator fragility. The use of SMR structures prevents the release of the piezoelectric
layer but lowers the performance compared to other solutions [8]. The trade-off between
the two approaches is represented by air-gap types, where the structure is suspended on
a thin membrane fabricated by employing a sacrificial process [6,17,18]. The presence of
a membrane support layer ensures higher robustness, but also, in this case, the fragility
of the suspended structure is an open issue in the case of FBARs working with very thin
films [17]. Moreover, removing the sacrificial layer always requires aggressive chemicals
that can damage the other materials, complicating their integration and increasing times
and costs.

In this scenario, the fabrication of the first air-gap FBAR based on a highly soluble
organic sacrificial layer made of Lift-Off Resist (LOR) and suspended on a polymeric flexible
membrane is presented. Unlike other air-gap structures reported in the literature, with the
innovative proposed fabrication protocol, the removal of the sacrificial material becomes
very straightforward as it does not require any aggressive chemicals. In addition, in contrast
to the state of the art, the presence of the flexible membrane support layer enhances the
robustness of the structure by avoiding the formation of cracks and the collapse of the stack.

The resonator was developed by a new design approach based on an ad hoc propri-
etary algorithm and a proper material library comprising the most common metals used in
the Microelectromechanical Systems (MEMS) industry. The advantage of this approach is
the very low computational cost and the possibility to include both fabrication tolerances
by means of Monte Carlo simulations and experimental material properties at the design
level. Moreover, the modularity of the algorithm allows for including new materials using
the systematic procedure detailed in the next sections without any modification of the code.

Finally, several experimental characterizations of both the design process and the
fabrication protocol were reported to demonstrate the effectiveness of the algorithm. More
in detail, the device was validated from a technological (by means of an optical microscope
and a Scanning Electron Microscope, SEM, inspection) and an electronic point of view.
The resonant frequency of the FBAR was correctly estimated by the design algorithm at
2.55 GHz with a very low error of 0.005 GHz (about 0.2%). The fabrication protocol was
taken using a high-performance resonator having an electromechanical coupling factor of
4.7%, and very high quality factors of 1426 and 1477 for the resonance and antiresonance,
respectively.
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2. Materials and Methods
2.1. Design Algorithm

The design algorithm comprises three main building blocks: the decision core, the
random perturbator, and the shared dataset.

The decision core takes the materials and the working frequency as inputs and returns
the set of solutions. Each solution is characterized by a specific piezoelectric height allowing
the user to select the best fabrication constraints and times. After choosing a single-stack
solution, the random perturbator estimates the probability density function of the resonance
value considering the fabrication tolerances of the deposition processes.

The decision core and the random perturbator are based on a material library. The
central library can be easily expanded with new materials without any modifications to the
algorithm using the systematic procedure detailed below.

2.2. Study for New Calibration Curves

The thicknesses of the piezoelectric material (d) and all the layers below it need to be
set to obtain a calibration curve. Then, resonators with varying top electrode heights (h)
are fabricated. The greater the mass of the top electrode, the lower the phase velocity (vp).
Therefore, variations in h translate into a resonant frequency drift (fr).

The calibration curves are determined by fixing the piezoelectric thickness (d) and
varying the top electrode (h). The value of fr is evaluated for all h in the study, and then the
corresponding phase velocities are obtained using Equation (1):

Vp = (2d)(fr) (1)

where d is the piezoelectric thickness and vp is the acoustic phase velocity.
The corresponding value of the phase velocity is taken from Equation (1) for each

resonator with different top electrode heights (h). Finally, the calibration curve of the phase
velocity is expressed as a function of the ratio h/d.

The systematic study can be performed with FEM simulations or with experimental
data. It is underlined that the reuse of past information is a crucial advantage of the
proposed approach.

Figure 1 reports the calibration curves related to the commonest materials used in the
MEMS industry (aluminum, titanium, copper, silver, molybdenum, and gold), obtained
considering a 1 µm thick aluminum nitride piezoelectric layer and 160 nm thick molyb-
denum bottom electrode (see Figure 1a). The values of the calibration curves are derived
using FEM parametric sweeps varying the metal and are reported in Figure 1b.
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Figure 1. Material library of the design algorithm. (a) Cross-section of the model used for the
systematic studies. (b) Obtained calibration curves.

2.3. Decision Core

The decision core is responsible for the design of the layers composing the stack
starting from the specification of the resonance value and the materials. To simplify the
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notation from here onward, we refer to the metal over piezoelectric thickness ratio (h/d)
as k.

The solution provided by the decision core is a set of N resonators having different
k-ratios but the same resonance frequency determined as in Equation (2):

A = {k1, k2, . . . , ki, k(i+1), . . . , kN} (2)

The procedure starts from the materials specified by the user for guessing a set of
possible phase velocities of the acoustic wave travelling back and forth in the resonating
area (see Equation (3)):

V = {vp1, vp2, . . . , vpi, vp(i+1), . . . , vpN} (3)

The optimal value of ki is derived using the bisection method from the corresponding
calibration curve.

Parallelly, the thickness of the piezoelectric layer is evaluated by solving Equation (1)
concerning d, where vpi and fr are given.

The height of the metal comes directly from the definition of ki (Equation (4)):

hi = ki x di (4)

2.4. Random Perturbator

Including fabrication tolerances in the design process is a crucial step to obtaining
an optimal agreement with experimental results minimizing the necessity of trimming
tools. The proposed algorithm performs this analysis by returning the Probability Density
Function (P.D.F.) of the resonant frequency for arbitrary values of deposition tolerances for
the piezoelectric and top electrode layers.

The random perturbator performs this through the following operations.

1. For each k1 ∈ A, the thicknesses of the piezoelectric and top-electrode layers are varied
according to Equation (5):

k−i =
hi + ∆h
di + ∆d

(5)

where ∆h and ∆d are aleatory variables following uniform distributions between the
specified values of the fabrication tolerances.

2. The resonant frequency of each (ki
−) is estimated by taking the value of the phase

velocity from the corresponding calibration curve and using Equation (6).

fri = vpi(di + ∆d) (6)

3. Operations 1 and 2 are repeated until the convergence of the P.D.F. occurs; in this case,
the algorithm is repeated 50,000 times.

4. The P.D.F. of the resonance value is obtained.

It is emphasized that using the calibration curves drastically reduces the computational
time and allows the Monte Carlo simulations to be performed in a reasonable time range.
For example, considering a computer using an Intel i9-9900K processor with 64 GB of RAM,
FEM simulation of a single resonator requires approximately 7 min and 1.6 GB of RAM.
With the same computer, the simulation of one resonator using this approach reduces the
time by 2 orders of magnitude to about 30 ms.

The P.D.F. of the resonant position, exploited through the Monte Carlo simulations, is
given in about 90 s when considering 50,000 iterations. If the same study had been applied
with FEM models, it would have taken 243 days.
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2.5. Design and Fabrication of the Resonator

Figure 2a shows an exploded view of the resonator constituted by the silicon substrate,
an aluminum nitride interlayer of 186 nm, a molybdenum bottom electrode of 220 nm, a
piezoelectric aluminum nitride layer, and an Aluminum top electrode.
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Because of technological limitations, the piezoelectric thickness design requirement is
restricted to a range between 1.35 µm and 1.5 µm.

Figure 2b reports all the possible solutions the decision algorithm provides. It is
underlined that a total algorithm computational time of less than one minute providing
21 configurations of the resonator with piezoelectric thicknesses within the range of interest
can be observed. The chosen solution is characterized by a piezoelectric thickness equal to
1.36 µm having a 187 nm thick aluminum top electrode (see Figure 2c). Because the thinner
piezoelectric layer reduces the deposition times, using a thicker top electrode decreases the
electrical losses, increasing the performance of the resonator.

Figure 2d shows the P.D.F. returned by the random perturbator, where layer thick-
nesses vary with a maximum error of 5%. The 95% confidence interval of the resonance
frequency is equal to 2546 ± 23.5 MHz. In this case, the computational time is also less
than one minute.

The microfabrication processing for the proposed resonator exploits an organic sacrifi-
cial layer made of Lift-Off Resist (LOR) coated with a polyimide protection layer. The role
of the polymeric layer is two-fold: on one side, it prevents the dissolution of the sacrificial
layer during the following steps; on the other side, the use of a flexible support layer
prevents the cracking of the membrane and the collapsing of the structure.

The resonator is fabricated using four lithographic steps: the sacrificial layer, the
bottom electrode, the piezoelectric layer, and the top electrode. The fabrication steps are
illustrated in Figure 3.
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layer. (a) Patterning of the sacrificial layer, (b) covering with the protection layer, (c) patterning of the
bottom electrode, (d) patterning of the piezoelectric layer, (e) patterning of the top-electrode, and
(f) etching of the protection layer and releasing of the structure.

As a first step, an n-doped highly resistive silicon wafer is coated with the LOR
sacrificial material. A spin-coated photosensitive resist layer on the wafer is patterned
using optical lithography. During the development stage, the pattern is transferred from
the photosensitive material to the sacrificial layer (Figure 3a).

After that, the resist is stripped by dipping the sample in acetone. The sacrificial layer
is covered with a 2.5 µm thick polyimide protective layer (Figure 3b).

The FBAR stack form of the bottom electrode, the piezoelectric layer, and the top
electrode is fabricated as described in the following paragraphs. A 186 nm thick aluminum
nitride interlayer is deposited, followed by the 220 nm thick molybdenum bottom elec-
trode. The metal and the interlayer are patterned using direct lithography and BCl3-based
Inductively Coupled Plasma (ICP) etching (Figure 3c).

The piezoelectric layer is fabricated by depositing a 1.36 µm thick layer of aluminum ni-
tride through Direct Current (DC)-pulsed sputtering and patterned with the same approach
as the previous layers (Figure 3d).

The top electrode is realized with negative optical lithography, followed by the depo-
sition of a 187 nm thick aluminum layer and a lift-off step in acetone (Figure 3e).

Finally, the polyimide protective layer is etched by an O2-based ICP etching followed
by dipping the sample in PG-Removal for 2 h to dissolve the sacrificial material (Figure 3f).

3. Results and Discussion

Figure 4 details the fabricated resonator and its characterization. Figure 4 reports an
optical microscope top-view of the fabricated device. The resonator structure is analyzed
through its SEM cross-section (Figure 4b), illustrating the successful release of the mem-
brane without affecting the other materials of the stack. The measured layer thicknesses are
185 nm for the interlayer, 226 nm for the molybdenum, 1.4 µm for the aluminum nitride,
and 190 nm for the aluminum. According to the Monte Carlo assumptions, these values fall
within the acceptable error range (the maximum error equals 5%, while the experimental
error is 3%). The device has two ports corresponding to the top and bottom electrodes. It is
characterized using Vector Network Analyzer (VNA, Anritsu MS46122B, Morgan Hill, CA,
USA) and Ground Signal Ground (GSG) probes (Form Factor, Z-Probe-Coaxial, Livermore,
CA, USA). Figure 4c shows the modulus and the phase of the impedance of the resonator.
As it can be noted, the operating frequency is equal to 2.545 GHz; indeed, it is within the
confidence interval estimated by the Monte Carlo simulation in Section 3.
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parameter S21.

Table 1 compares the design parameters, the output of the algorithm, and the experi-
mental results. The measurements align with the design requirements and the algorithm’s
forecast in terms of the obtained piezoelectric thickness and top electrode layers, consider-
ing the fabrication tolerances. The resonant frequency falls into the 95% confidence interval
evaluated by the design tool with an error of 0.02% for the design requirements.

Table 1. Comparison between design requirements, the output of the algorithm, and experimental
results.

Design
Requirements

The Output of the
Algorithm

Experimental
Results

Piezoelectric thickness (d) 1.35–1.5 µm 1.36 ± 0.07 µm 1.40 µm

Top electrode thickness (h) - 187 ± 9.35 nm 190 nm

h/d - 0.138 0.135

Resonant Frequency 2.550 GHz 2.550 ± 0.047 GHz 2.545 GHz

The electromechanical coupling factor and the Q-factors of the resonator are evaluated
by using Equations (7) and (8):

keff
2 = (π/2)2 (fa − fr)/fa (7)

Q(r|a) = f /2 {(d∠S21)/df } |f = fr|fa (8)

proving the effectiveness of the proposed fabrication protocol.
Noting that the antiresonance is at 2.601 GHz, the resonator shows optimal perfor-

mance with a k2
e f f equal to 4.7% and Q-factors of 1426 and 1467 for the resonance and

antiresonance frequencies, respectively.
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Table 2 compares the design tool with the method already present in the literature. In
addition, it reports a comparison of the proposed resonator to the state-of-the-art Quality
factor (Q), Electromechanical coupling factor (k2

e f f ), and Figure of Merit (F.O.M) parameters.

Table 2. Comparison between this work (T.W.) and the state of the art.

Ref. Design Technique Computational
Cost

Relative Error
[%] Scalability Fabrication

Tolerances Q k2
eff

F.O.M.
Q·k2

eff

[13] FEM HIGH N.A. LOW N.A. 1548 1 1548

[14] FEM and ECA VERY HIGH N.A. LOW N.A. 2507 2.12 5314

[15] FEM and
deep learning HIGH 0.2–0.3 HIGH N.A. N.A. N.A. N.A.

[16] FEM VERY HIGH 0.2 MEDIUM N.A. 59.8 4.1 245.18

T.W. Calibration Curves LOW 0.2 HIGH Yes 1467 4.7 6895

It can be noted that with this approach, the computational costs can be drastically
contained without affecting the relative error. Indeed, unlike other design processes
based on FEM models, the use of calibration curves ensures faster and more lightweight
simulation processes despite a contained relative error. The use of this approach makes
the method highly scalable as new information can be easily added in the form of curves.
In addition to the state-of-the-art, the very low computational cost allows the inclusion of
fabrication tolerances exploiting Monte Carlo Simulations. Finally, thanks to the proposed
fabrication protocol, the FBARs can be obtained with a very fast and straightforward
process with the highest product between Q-factor and keff

2.

4. Conclusions

This paper proposes an innovative thin-film bulk acoustic wave resonator design
tool powered by an upgradable library. The decision algorithm is based on exploiting the
mass-loading effect. Unlike the available simulation, the only information needed is the cal-
ibration curve expressing the trend of the phase velocity versus the top-electrode thickness.

The calibration curves are reusable and arranged into a modular library that can be
easily enriched with new materials, even starting from experimental data. Moreover, the
algorithm includes the possibility of considering fabrication tolerances and bridging the
gap between the simulations and the experimental devices.

Furthermore, the algorithm is tailored to be shared and expanded with new data
refining the potential, and arbitrary values of fabrication tolerances [19].

The effectiveness of the tool is demonstrated through the design and fabrication of an
innovative air-gap FBAR based on an organic sacrificial layer and with a flexible membrane.
The tool is successfully taken to account for the fabrication tolerances, and the working
frequency of the resonator of 2.545 GHz is within the 95% confidence interval estimated
by the design tool. The proposed fabrication protocol is demonstrated to be effective and
straightforward as the device has an optimal electromechanical coupling coefficient equal
to 4.7% and Q-factors of 1426 and 1467 for the resonance and antiresonance frequencies,
respectively. We strongly believe that this new approach represents a strategic step forward
in developing high-performance FBARs and can be applied to the design and fabrication of
resonators or filters.
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