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Abstract— AIN contour mode resonators (CMRs) with half 

circle shaped reflectors are designed to reduce the anchor loss. 

In this work, we use finite element analysis (FEA) and 

demonstrate that the half circle shaped reflector can 

effectively reduce the energy dissipation through the anchor to 

the plate, and then boost the CMR quality factor Q. 

Furthermore, the measured experimental data of AINCMR 

with half circle shaped reflectors design yields a Q of 1605 

operating at the resonance of around 400 MHz, which 

provides over 80% improvement compared to an AIN CMR 

with a normal plate configuration. 

I. INTRODUCTION 

Piezoelectric microelectromechanical resonators have 
shown many advantages in radio frequency (RF) filters, and 
miniature transducers [1-4]. Among various piezoelectric 
materials, such as Zinc Oxide (ZnO), piezoelectric ceramics 
(PZT), Lithium Niobate (LN) and Aluminum Nitride (AIN) 
[5-10], AIN-based resonators play a more important role in 
5G communication, due to the high phase velocity of the 
AIN thin film and compatibility with CMOS process [9, 11, 
12]. In the last decades, film bulk acoustic resonators 
(FBAR), surface acoustic wave (SAW) and contour mode 
resonators (CMRs) have been widely investigated [13-15]. 
The CMRs have the advantages of photolithographic 
defined high operating frequencies compared to other 
techniques. However, there are several loss mechanisms in 
CMRs, such as interface loss from the connection of 
electrodes and AIN thin film, damping loss from the 

resonators and anchor loss, which limit the applications of 
AIN-based CMRs [16-20]. A large amount of energies leak 
through the anchor to the piezoelectric plate in the AIN 
resonators, i.e. the anchor loss [21-25]. Zou and Chih-Ming 
et al. [26] have designed the beveled and rounded butterfly- 
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Fig. | Illustrations of AIN CMRs with (a) normal plate, (b) half circle 

shaped reflector. 
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shaped AIN CMRs. Acoustic wave reflectors are formed at 
the transition areas between the anchor and vibration region, 
such design enables to push waves away from the anchors, 
so the energy is suppressed. Yung-Yu Chen ef al. [16] have 

investigated the AIN CMRs convex free edges to reduce the 
anchor loss and then improve Q factor. In our work, another 
efficient way to reduce the anchor loss of the AIN-based 
CMRs is demonstrated utilizing half circle shaped reflectors 
to push acoustic waves back to the resonate region. 

To decrease the energy leakage from anchor loss, we 
demonstrate an AIN CMR with half circle shaped reflectors. 
Fig. 1(a) illustrates a normal AIN CMR employing the 
normal plate. As shown in Fig. 1(b), The AIN CMR with 
half circle shaped reflector is utilized to reduce the anchor 
loss in AIN CMRs. Unlike the AIN CMRs with normal plate, 
the CMRs with half circle shaped reflectors can limit the 
propagation of acoustic wave to the substrate plate. We 
utilize the COMSOL Multiphysics® to show _ the 
improvement on the Q factor of the CMRs. In addition, AIN 
CMRs with half circle shaped reflectors are experimentally 
fabricated, and present a higher Q factor compared to the 
CMRs with a normal plate configuration. 

II. DESIGN AND SIMULATION 

The main energy dissipation mechanisms for 
piezoelectric resonators can be expressed as [16], 

1 1 1 1 
—_= + 

Q Qinter face Qanchor loss Qother 

  (1) 

In order to investigate the influence of anchor loss in the 
AIN CMRs, we assume that the main vibration energy 
dissipation in the CMRs is anchor loss, and Qanchor loss 1S 
mainly contributes to the Q of AIN CMRs. Anchor loss is 
determined by the displacement fields in the anchor and 
plate. Our design aims to decrease the displacement fields in 
the plate to reduce anchor loss, and then increase the total Q 
factor of the AIN CMRs, the geometric dimensions of AIN 
CMRs are listed in the Table 1. In the AIN CMRs with 

Table 1 Geometric dimensions of AIN CMRs 
  

  

Parameters Normal Half circle shaped 

IDT numbers 4 4 
IDT aperture 180 um 180 um 

IDT coverage 0.5 0.5 

Anchor length 4.9 um 4.9 um 

Anchor width 8.2 um 8.2 um 

Wavelength 20 um 20 um 

Circle inner radius NA 17.5 um 

Circle outer radius NA 27.5 um 
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Fig. 2 Simulated displacement fields of AIN CMRs with (a) normal 

plate, (b) half circle shaped reflector. 
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Fig. 3 (a) Simulated Q factor of AIN CMRs with different inner circle 

radius. (6) Simulated admittance response of AIN CMRs with normal 

plate and half circle shaped reflector. 

normal plate, the acoustic wave in the vibration region 
would propagate through anchor to the substrate plate, 
resulting large anchor loss. By using the half circle shaped 
reflectors, the acoustic wave reflector can reflect acoustic 
wave effectively to the active region. 

Perfectly matched layer (PML)-based finite element 
analysis from COMSOL Multiphysics® software are used to 

investigate the displacement fields on the vibration region 
and plate [16, 17, 26]. The AIN CMRs with anchors are 

attached to the semi-cylinder plates and then covered by the 
PMLs, the radius of semi-cylinder plates is set as three times 

wavelength, and the radius of PMLs are set as five times 
wavelength, which aims to absorb the acoustic wave 
efficiently. The design of anchor width and length is also 
essential to reduce anchor loss. Yung-Yu Chen ef al. [16], B 
P Harrington and R Abdolvand [17] have investigated the 

influence of different designs, so our anchor length and 
width are designed based on their findings. Fig. 2 presents 

the displacement fields of AIN CMRs with the normal plate 
and half circle shaped reflectors at SO mode utilizing FEA 

simulation. Brighter color means larger displacement fields. 
Vrar= 1 V is applied to the IDT to induce SO mode of AIN 
CMRs. To reduce memory of computation, only half of the 
CMR and plate are simulated. As illustrated in Fig. 2(a), 
there is large displacement in the piezoelectric thin film of 
the normal design, which means a lot of energies leaked 
from piezoelectric layer, resulting in the big anchor loss of 
the AIN CMRs. In addition, as a lot of energy loss in plate 
via anchor, the displacement fields near the anchor in AIN 
CMRs is reduced dramatically by energy dissipation. Fig. 
2(b) shows that the displacement fields away from the 
anchor are similar with those of normal design, but the 
displacement fields in the piezoelectric plate are obliviously 
less than those in the normal plate. Since a large amount of 
energies are reflected back to the CMRs by half circle 
shaped reflectors, only small part is absorbed by PMLs. It 
makes much larger displacement fields in the vibration 
region near the anchor. As seen in Fig. 3(a), the best 
performance for simulated resonators is found for inner 
circle radius of 17.5 «um. Fig. 3(b) illustrates the admittance 
response of AIN CMRs with and without half circle shaped 
reflectors. The admittance response is simulated in the 3D 
frequency domain analysis by a frequency spacing of 10 kHz. 
The simulated Q of SO mode in the AIN CMR with half 
circle shaped reflectors is 2926, while the Q of the AINCMR 
with normal plate is only 831. The simulated Q is increased 
by 252 %. 

Il]. FABRICATION AND CHARACTERIZATION 

In order to validate the results of the simulation results, 
AIN CMRs with normal plates and half circle shaped 

reflectors are fabricated on the same wafer. 

For the sample preparation, lum (0002) polar AIN is 

deposited on high-resistive silicon wafer at 300°C by 
reactive magnetron sputtering system with a 12 inch Al 

target. Fig. 4(a) illustrates the surface morphology of AIN 
thin film by scanning electron microscopy Carl Zeiss 
Gemini300. AIN grains are uniformly and densely aligned, 
which indicates the great crystal quality of the sputtered thin 
films. It can be seen from Fig. 4(b) that the AIN thin film is 
well deposited on the silicon wafer with great c-axis oriented 
crystal columns. As shown in Fig. 4(c), the roughness of 
AIN surface is measured by Atomic Force Microscopy from 
Asylum Research, and the value of RMS is only 970 pm, 

which shows great surface uniformity of AIN piezoelectric 
thin film. Such uniform and great z-axis oriented AIN thin 
film is necessary to fabricate devices based on it, which 
enables less energy dissipation in the piezoelectric thin film, 
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200 nm 

Fig. 4 SEM images of (a) (0002) polar AIN surface, (b) (0002) polar 

AIN crosssection view. (c) AFM height image of (0002) polar AIN 
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Fig. 5 (a) Lift-off Ti/Pt layer as bottom electrode, (b) deposit AIN thin 

film and pattern Al as top electrode, (c) ICP dry etching, (d) release 

AIN CMRs via XeF). 
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Fig. 6 The admittance response of AIN CMRs with (a) normal plate, 

and (b) half circle shaped reflector. 

resulting in higher performance devices. The crystal 
orientation of AIN is measured by X-ray diffraction (XRD) 

by PANalytical® Empyrean system, the full width at half 
maximum (FWHM) of AIN thin film is 1.2°, as illustrated in 
Fig. 4(d). 

The fabrication of AIN CMRs is a traditional 4-mask 
process on high-resistive (100) silicon wafer, as seen in Fig. 
5 (a)-(d). First, the physical vapor deposition (PVD) is 
utilized to deposit and patternl0nm Ti/ 100 nm Pt via a lift- 
off process as bottom electrode. Then, | pm AIN 
piezoelectric thin film is deposited utilizing EVATEC 

CLN200 reactive magnetron sputtering system. Then, a 200 
nm Al layer is deposited and patterned to define the top 

interdigitated electrodes (IDT). Next, the ICP etching is used 
to define the active region of AIN CMRs as well as the half 
circle shaped reflectors. Finally, the CMRs are released by 
XeF,. To reduce the fabrication process variations, all the 
AIN CMRs we discussed here are fabricated on the same 
wafer and placed in the vicinity. 

According to our FEA simulation and analysis, the 
quality factor Q of AIN CMR with half circle shaped 
reflectors is significantly higher than the AIN CMR with 
normal plate. The fabricated AIN CMRs are characterized 
by Keysight® N5234B PNA-L Network Analyzer. The 
measured Q of CMRs are extracted from the admittance 
response by dividing the resonance frequencies by the -3 dB 
bandwidth. Fig. 6(a) and Fig. 6(b) present the one-port 
admittance response for the AIN CMRs based on normal 
plate and half circle shaped reflectors, respectively. The AIN 
CMR with half circle shaped reflectors yields a Q factor of 
1605, upwards 80 % over a normal AIN CMR which has a 
Q of 887, which shows higher Q improvement compared to 
the previous works. Zou and Chih-Ming ef a/. [26] present 
67 % improvement of measured Q, Chih-Ming ef al. [18] 

indicate 50 % measured Q improvement to the normal 
design. In the FEA simulation, loss of the resonator is set 

larger than the actual situation, so that the measured Q is a 
little larger than the simulated Q in the CMRs with normal 
plate. Due to the loss of the manufacturing process, the 
measured Q of CMRs with half circle shaped reflectors is 
lower than the simulated value. The electrical response of 
piezoelectric resonators is usually represented with the 
modified Butterworth-Van Dyke (mB VD) model [27]. After 
fitting into the mB VD model, the Co, Cm, Lm, Rm, Ro are all 
extracted, where Co and Ro are the static capacitance and 
static resistance of resonators, respectively. Cm, Lm, Rm are 
the motional capacitance, motional inductance, motional 
resistance of resonators, respectively. 

IV. CONCLUSION 

A design of AIN CMR with half circle shaped reflectors 
is presented in this work. PML-based FEA simulation 

confirms the influence of half circle shaped reflectors on the 
reduction of displacement fields in the piezoelectric plate 
and resonate region near the anchor and improvement of Q. 
Such reflector can efficiently reflect the acoustic wave back 
to the resonator, significantly reduce the energy loss. The 
AIN CMR with half circle shaped reflectors yields a Q of 
1605, showing 80% increase in Q over AIN CMR with 
normal plate. 
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