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Abstract: This paper presents a novel Π-shaped bulk acoustic resonator (ΠBAR) with low bias volt-
ages. Concave flanges were coupled with straight beams to effectively enlarge the transduction area.
A silicon-on-insulator(SOI)-based fabrication process was developed to produce nanoscale spacing
gaps. The tether designs were optimized to minimize the anchor loss. With a substantially improved
electromechanical coupling coefficient, the high-stiffness ΠBAR can be driven into vibrations with
low bias voltages down to 3 V. The resonator, vibrating at 20 MHz, implements Q values of 3600 and
4950 in air and vacuum, respectively. Strategies to further improve the resonator performance and
robustness were investigated. The resonator has promising IC compatibility and could have potential
for the development of high-performance timing reference devices.

Keywords: MEMS resonator; quality factor; bias voltage; fabrication methodology

1. Introduction

Frequency references are ubiquitous in electronic systems [1]. Fast-growing electronic
systems now generate stringent requirements for frequency reference devices in terms of
integration and miniaturization [2–4]. Widely used quartz crystals of large volume are
off-chip devices which have limited potential for application in constituting monolithic
oscillators. Recently, micro-electro-mechanical-system (MEMS) resonators have emerged
as viable candidates to replace quartz crystals because of their tiny size, high frequencies,
as well as promising quality factors (Q), low power consumption and integrated circuit (IC)
compatibility [5–9].

Among various vibrating modes of MEMS resonators, bulk acoustic wave (BAW)
modes are superior to flexural modes due to their high stiffnesses and low dissipa-
tion [10–13]. Some BAW resonators with excellent performance have been produced.
However, such resonators are still difficult to excite due to their high stiffnesses, while the
capacitive spacing gaps are not narrow enough to provide high electromechanical cou-
plings. For example, a 10.3 MHz thin-plate-shaped BAW resonator vibrating in thickness-
extensional mode was driven using a single-side electrostatic configuration for which the Q
and bias voltage were 9000 and 50 V, respectively [14]. A Lamé-mode resonator of 12.9 MHz
exhibited a high Q of 7.5 × 105; however, the relatively large spacing gap of 2 µm led to
a high DC bias voltage of 100 V [15]. More recently, I-shaped bulk acoustic resonators
(IBAR) with improved Q values and lower phase noise have been proposed for timing
references which are more suitable to constitute temperature-compensated (TC) oscillators
ranging from 1 to 30 MHz [16–21]. For instance, a 10 MHz IBAR with a promising Q
exceeding 250,000 implemented a relatively low bias voltage of 25 V; nevertheless, it was
still far beyond the standard voltage of CMOS circuitries [20]. Very high bias voltages are

Electronics 2022, 11, 910. https://doi.org/10.3390/electronics11060910 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics11060910
https://doi.org/10.3390/electronics11060910
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0003-2126-7954
https://doi.org/10.3390/electronics11060910
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11060910?type=check_update&version=1


Electronics 2022, 11, 910 2 of 12

needed in reported studies which creates a bottleneck constraining high-end applications
of state-of-the-art MEMS resonators.

This paper describes the development of a capacitively transduced, Π-shaped bulk
acoustic resonator (ΠBAR) with low bias voltages. The resonator was optimized in terms of
the structural design and fabrication process, which effectively enlarged the transduction
area and reduced the spacing gap, thus enabling significantly improved electromechanical
coupling coefficient. The DC bias voltage could be reduced to 3 V.

2. Design and Fabrication

When a DC bias voltage of VDC and an AC signal with an amplitude of Vi are applied
to a capacitive resonator, an electrostatic force is generated, according to [22]:

F = VDCVi
∂C
∂x

= VDCVi
ε0 A
d2

0
, (1)

where ε0, d0, and A denote the permittivity, spacing gap, and transduction area, respectively.
The equivalent mass at any point can be calculated via the kinetic energy theorem as

below [22,23]:

mre =
KEtotal

1
2 [vmax(x, y)]2

=
1
2

∫
[ωUmode(x, y)]2dm

1
2 [ωUmode_max(x, y)]2

=
ρh

s
S [Umode(x, y)]2dS

[Umode_max(x, y)]2
, (2)

where Umode (x, y) is the in-plane mode shape function with out-of-plane vibrations ne-
glected, ω is the angular resonance frequency, S denotes the in-plane area of the Π-shaped
resonator, h is the thickness of the resonator, and ρ is the density.

At resonance, the displacement X induced by the external force can be written as:

X = Q
F

kre
, (3)

where kre refers to the equivalent stiffness, F is the electrostatic force. The motional current
takes the form:

i = VDC
∂C
∂t

= VDC
∂C
∂x

∂x
∂t

, (4)

Substituting Equations (1)–(3) into Equation (4), the motional current can be written as:

i = VDC
ε0 A
d2

0
X =

QV2
DCVi A2

d4
0

ε2
0

ρhω2
[Umode_max(x, y)]2
s

S [Umode(x, y)]2dS
. (5)

Clearly, with a given excitation condition, the motional current depends on Q, d0, and
A. It can be inferred from Equation (5) that, to acquire large motional currents with low
bias voltages, shrinking the spacing gap, d0, contributes most to the bias voltage reduction
owing to its quadratic dependence. Other strategies, including increasing the transduction
areas and improving Q values, are also helpful. Therefore, the resonator optimizations
were carried out in terms of these three routings.

The electro-mechanical coupling coefficient of ΠBAR [24] are expressed as:

η = VDC
∂C
∂x

= VDC
ε0 A
g2 , (6)

The schematic and mode shape of ΠBAR is shown in Figure 1a, where two beams
working in the length-extensional mode are utilized for vibrational coupling, and two large
flanges are located at both ends of the beams to provide large transduction areas. Two
electrodes with complementary shapes of the flanges are configured to form the capacitance
plates with spacing gaps of 70 nm.
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Figure 1. The schematic of ΠBAR (a) and illustration of the resonator structure (b).

2.1. Enlarged Transduction Area

From Equation (6), it can be inferred that the electro-mechanical coupling coefficient
can be effectively improved by increasing transduction areas. As shown in Figure 1b, the
concave flanges were employed to enlarge transduction areas while maintaining a compact
resonator size. With flexible adjustments of the flange curvature, projection length and
other geometrical parameters, a larger transduction area can be obtained; meanwhile, the
strain energy distribution of the device can also be modified for improved Q values.

The resonance frequency is dependent on the flange shapes, which can be expressed
as [25]:

f0 =
α

2LB

√
E
ρ

, (7)

where LB is the length of resonant beam, E is Young’s modulus, and α is a constant
associated with the flange designs. In this study, three types of ΠBAR resonators were
designed. Both type A and type B have straight coupling beams, while their flanges are
straight and concave, respectively. To comprehensively compare the performance among
ΠBAR resonators with different component shapes, the counterpart, which comprises of
straight flanges and curved coupling beams, was also designed, referred as type C. The
frequencies of the three types were 26.7 MHz, 20 MHz, and 26.7 MHz, corresponding to α
values of 0.6936, 0.7703, and 0.8495, respectively.

2.2. Minimized Anchor Loss

The Q values of MEMS resonators can be defined as the ratio between the total stored
energy and the average energy loss per cycle [12], including several dissipation mechanisms
including anchor loss, air damping, surface loss, and so on [26]:

1
Qtotal

=
1

Qanchor
+

1
Qair

+
1

Qsurface
+ · · · , (8)

The supporting loss is generally a dominant energy dissipation mechanism for BAW
resonators which is associated with the energy leak from the resonator through tethers
and transmits into the substrate [27]. The tethers are placed at the centers of the coupling
beams, corresponding to the nodal regions of the mode shape, so that the anchor loss can be
minimized. As shown in Figure 2, the anchor loss can be characterized by a finite element
analysis (FEA) model in COMSOL, wherein perfectly matched layers (PML) were utilized
to absorb the elastic waves propagating in the substrate [11,28]. Given that Qanchor is
associated with the strain energy distribution which depends on both resonator and tether
designs [29,30], the geometrical parameters of the whole device were properly modified
using the parametric sweeping methodology to minimize anchor loss.
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Figure 2. FEA Simulation model for Qanchor values with PMLs incorporated.

2.3. Shrunk Spacing Gap

The nanoscale capacitance gap is critical for reducing the bias voltages. As illustrated
in Figure 3, a simple and reliable fabrication process was used [4,31]. SOI wafers with
low-resistivity single crystal silicon (SCS) device layers (Figure 3a) were employed to batch
fabricate the proposed resonators. A layer of SiO2 was grown by plasma-enhanced chemical
vapor deposition (PECVD) to serve as an etching mask (Figure 3b). The resonant structure
and electrical routings were defined by successive inductive-coupled-plasma (ICP) dry
etching of the SiO2 and the SCS device layer (Figure 3c). Next, a nanoscale spacing gap
was defined by thermal oxidation, followed by removing the SiO2 on the electrical routings
(Figure 3d). Subsequently, polysilicon was deposited (Figure 3e) and patterned to form the
electrodes. After producing the Au/Cr electrode pads using an e-beam evaporation and
lift-off process, the resonators were finally released in HF solution (Figure 3f). The scanning
electron microscope (SEM) photographs of the fabricated resonators are shown in Figure 4.
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The test setup is shown in Figure 1a. A bias voltage VDC was applied to the resonator
through a U8032A voltage source, and an Agilent E5071C network analyzer was employed
to apply a 0 dBm AC signal and to capture the S21 transmission spectra.

3. Results and Discussions
3.1. Resonator Performance

Figure 5 shows the frequency responses of various ΠBARs. As can be seen, despite
the high stiffness of BAW extensional modes, the resonators can be driven into vibrations
with DC bias voltages down to 3 V, owing to the enlarged transduction area as well as
the nanoscale spacing gap. The Q values of the three types of ΠBARs in air were 2580,
3600, and 2340, respectively. Compared with types A and C, no significant distortions were
observed in the frequency response of type B. This could have resulted from the preferable
vibration transfer between the straight coupling beams and concave flanges, which suffered
less from the spurious modes. In addition, concave flanges with large transduction area
enabled the highest resonance peak among the three types, and hence the lowest motional
resistance. The measured Q value of type A was higher than type C, however, the peak
shape was asymmetrical, probably due to the fabrication tolerance which disturbed the
displacement profile and increased extra energy dissipation. Warping occurred for the
proposed resonator, which essentially gave rise not only to more energy dissipation, but
also mode shape distortions. It was the mode distortions that gave rise to simultaneous
in-plane and out-of-plane vibrations which impaired the mechanical responses of the
resonator. Therefore, asymmetrical peak shapes appeared in the frequency spectra. In
addition to fabrication tolerances, the curved coupling beams were detrimental to the
vibrational energy transfer of type C, leading to more severe anchor loss. Thus, the S21
transmission spectrum was distorted, accompanied by the lowest Q. Moreover, type C had
the smallest transduction area which contributed to the largest motional resistance.
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To fully analyze the electrical properties of the resonator, the equivalent circuit was
established as shown in Figure 6 [29]. As can be seen, the RLC branch essentially char-
acterizes the resonance properties of the resonator. Rm, Lm, and Cm denote the motional
resistance, inductance, and capacitance, respectively, which can be described as:

Rm = 2Z0

(
10−(

Gpeak
20 ) − 1

)
, Lm =

QRm

ω
, Cm =

1
ωQRm

, (9)

where Z0 is the source or load resistance of the network analyzer (50 Ω), Gpeak is the
transmission gain in decibels at the peak of the measured frequency characteristic. The Cf
branch refers to the feedthrough capacitance, through which the signal at the input port
directly couples into the output port. The calculated lumped RLC values are summarized
in Table 1.
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Table 1. Calculated lumped RLC values of various ΠBARs.

Type Frequency (MHz) Rm (MΩ) Lm (H) Cm (F)

A 26.7 1.0851 15.2291 2.3621 × 10−18

B 20 0.7292 20.9852 3.0450 × 10−18

C 26.7 2.0686 31.6398 1.1108 × 10−18

Based on the equivalent model, the frequency responses were simulated and plotted
in Figure 5 to provide a clear comparison with the measured responses. As can be seen,
some discrepancies occurred, which can be attributed to the mode distortions induced
by fabrication tolerances. As mentioned above, the mode distortions caused by warping
contributed most to the Q degradations as well as asymmetrical peak shapes. Taking
type B of 20 MHz, for example, by adjusting the parameters of the equivalent circuit
model, a similar spectral curve with the experimental result was obtained. According to
the equivalent circuit model, the equivalent stiffness and mass of the resonator can be
expressed as follows [32]:

me f f = η2Lx

ke f f =
η2

Cx

(10)

As a result, the summary results of the calculated and fitted values based on the
measured results of type B are shown in Table 2, showing that mode distortions contributed
to the changes in equivalent mass and equivalent stiffness. For the simulated curves,
there were anti-resonance frequencies associated with feedthrough signals, which were not
observed in the measured ones. It can be inferred that the described fabrication process
could effectively suppress the feedthroughs.
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Table 2. The calculated and fitted RLC values of type B.

Parameters The Calculated Results The Fitted Results

Rm (MΩ) 0.7292 0.86160
Lm (H) 20.9852 18.0036
Cm (F) 3.0450 × 10−18 4.002 × 10−18

Meff (kg) 1.1206 × 10−11 9.6141 × 10−12

keff (N/m) 1.7537 × 105 1.3344 × 105

The simulated Qanchor values of three types of resonators were 5.75 × 107, 1.78 × 109,
and 5.63 × 107, respectively, consistent with the tendencies of the measured values, which
could provide helpful guidance for resonator optimization. However, all the measured Q
values of the three types of resonators in air were moderate. Furthermore, the resonance
peaks were not high enough. There could be several reasons for this. Firstly, the simu-
lations assume ideal cases, however, there are in practice fabrication tolerances, material
flaws, and process damage that are detrimental to Q values. Even so, the measured results
were still far below the simulated ones. Noting that only the anchor loss was modeled,
other loss mechanisms occurring should be considered. Air damping is generally a non-
negligible loss source for MEMS resonators. As for other losses, thermoelastic damping
(TED) is caused by irreversible heat flow [33–35], which results from the temperature
gradients generated by the nonuniform stresses between different vibrating regions [36].
For BAW modes, with reduced volumetric differences during vibrations, TED is generally
negligible. Akhiezer damping (AKE) is associated with irreversible phonon population
relaxation [12,37]. When strain destroys the equilibrium of thermal phonons, the phonons
tend to re-establish the thermal equilibrium through normal and Ümklapp processes; as
a result irreversible phonon population relaxation occurs, the entropy increases and the
energy is dissipated [10,38]. For low frequencies, around tens of MHz, AKE is generally
overridden by other loss sources, which cannot be overcome. As for surface loss, this
becomes notable for sub-micrometer resonators [39,40]. For ΠBARs with thickness of over
2 µm, this loss source is considered insignificant. To verify whether the air damping was
overcome, the resonators were measured at high vacuum of 2 × 10−4 Torr.

The Q enhancements in vacuum were not significant, as expected. Taking type B
as an example, as shown in Figure 7, the Q value increased from 3600 in air to 4941 in
vacuum, corresponding to a 1.37-fold enhancement, which suggests that air damping could
be ruled out as the dominant energy dissipation. The mode shape distortion resulting from
the mechanical instability and fabrication tolerances may have contributed most to the
Q degradations.
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3.2. Attributions of Moderate Q Values

Mechanical instability is detrimental to Q values. The vertical height profiles of the
resonator were characterized using a 3D microscope. It was found that the resonator
was warped downward, adopting an approximately symmetrical parabolic structure. As
shown in Figure 8, the vertical height difference between the free end and the center of the
coupling beam ranged from 0.4 µm to 0.5 µm. Therefore, significant out-of-plane vibrations
were introduced which severely distorted the mode shape. Moreover, the overlapped
transduction areas between the flange and the electrode were decreased. These two issues
resulted in degraded Q values and limited resonance peaks. As shown in Figure 9, taking
the 20 MHz ΠBAR as an example, the buckled resonator was simulated. The Qanchor was
calculated to be 88,908, which was four orders of magnitude lower than that of the stable
case, consistent with the measured results. Due probably to the fabrication process-induced
residual stress, the thin resonator was apt to warp, which distorted the mode shape, thus
leading to severe energy dissipation. In the future, this problem is expected to be solved
based on appropriate design and fabrication processes. Accordingly, SOI wafers with
thicker device layers and lower intrinsic stresses can be adopted to alleviate this issue.
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The Q values of resonators are susceptible to the fabrication process. With variations
in tether dimensions, the actual displacement distribution substantially deviates from the
optimally designed case. Therefore, Qanchor values which are sensitive to the displacement
distribution could be lowered. As shown in Figure 10, assuming the tether dimensions,
Ls and Ws, vary within ±2 µm around the optimal values for various ΠBARs, the Qanchor
values fluctuate sharply. As the ΠBAR is essentially a hybrid vibrating structure composed
of straight beams and flanges of different shapes, the energy transfer among these mechani-
cal components is relatively complicated, thus the displacement profiles are susceptible
to geometric variations. With high dependence on the displacement distributions, the Q
values could change dramatically. Taking type A, for example, as shown in Figure 10a,
when the tether dimensions were exactly matched with the designed values, that is, ∆x = 0,
the simulated Qanchor was 5.6 × 107. However, when the width of type A changed from
9.3 µm to 7.3 µm, the Qanchor dramatically dropped from 5.6 × 107 to 1.9 × 107. Hence,
process errors could also play an important role in Q degradations. Additionally, the varia-
tion tendencies of Qanchor values for the various ΠBARs were different. Compared with B
and C, type A suffered less from the tether dimension variations, which can be ascribed
to its simple straight flanges and coupling beams. However, its measured Q value was
inferior to that of type B because its designed Q value is inherently lower than that of type
B. Nevertheless, by finding out the variation trends between the designed and fabricated
geometrical parameters, compensation methods can be adopted during resonator design.
Therefore, for tether B, despite its susceptibility to fabrication tolerances, its significant
advantage of enlarged transduction areas remains; moreover, high Q values could still be
expected with suitable compensation.
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In conclusion, although ΠBAR can be driven into vibrations with low bias voltages
down to 3 V, which could have potential for building up high-performance timing reference
devices with promising IC compatibility, there remain some shortcomings. Due to the mass
loads at the two ends, the resonator is apt to warp, which distorts the mode shape, thus
leading to severe energy dissipation. The device thickness should be increased, which
creates a requirement for a high-aspect-ratio etching process. On the other hand, the Q
of ΠBAR can be impaired by geometrical variations caused by fabrication tolerances. To
avoid sharp Q reductions, appropriate geometrical ranges of the resonator in which Q
varies moderately should be determined during the design stage. It should be noted that
the currently existing shortcomings are expected to be solved based on appropriate design
and fabrication processes.

4. Conclusions and Perspectives

In summary, a capacitively transduced ΠBAR was developed in this study. A compre-
hensive theoretical analysis, as well as systematical measurements, were undertaken.

Based on vibrational coupling length extensional mode, larger transduction areas
and lower energy dissipations could be simultaneously implemented. For the first time,
concave flanges with promising feasibility and flexibility were proposed, which enabled
low bias voltages down to 3 V.

A simple and reliable SOI fabrication process was exploited for producing nanoscale
spacing gaps, which greatly improved the electromechanical couplings.

The measured and simulated results have been clearly compared. Based on full analy-
sis, strategies for improving the resonator performance and robustness have been provided.

In summary, high-performance ΠBARs could be viable candidates for constituting
monolithic timing and frequency references which are highly desired in advanced elec-
tronic systems.
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