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 This paper reviews key piezoelectric MEMS works for the 

applications of RF signal processing and sensing. The material, 

device design, and performance of AlN and Sc-doped AlN 

piezoelectric MEMS devices are discussed. Different process 

platforms and their applications in frequency control and sensing 

applications are also presented. Finally, the trends in piezoelectric 

MEMS research are summarized and future work is recommended. 
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I. BACKGROUND 

The piezoelectric MEMS transducer plays a vital role in the 

translation of acoustic vibrations to electrical signals. It can 

serve as an enabling technology for a variety of domains, 

including radio frequency (RF) communication systems [1], 

inertial sensors [2], energy harvesting [3], bio-applications [4], 

and acoustic wavefront computing [5]. The smart eco-space of 

the Industrial Revolution 4.0 will consist of many piezoelectric 

transducers. The semiconductor process enables MEMS to 

realize different products, such as sensors, actuators, and signal 

processing units, at low cost, small form factor, and with 

controlled dimensions and performance. 

In comparison to the large industry usage of capacitive 

transduction, piezoelectric transduction has the advantages of 

the lower driving voltage, small size, immunity to parasitic 

capacitance, and absence of fine gaps. However, it does 

encounter a challenge in the enhancement of the coupling 

coefficient. This is because the material property is highly 

dependent on its thickness, stack configuration, and fabrication 

process. The improvement of this transduction efficiency is 

driven by the choice of material properties, a robust fabrication 

platform, and device design innovations. This work 

summarizes these three aspects with a focus on AlN/Scandium-

doped AlN piezoelectric transducers.   

II. REVIEW 

A. Material Choice 

Scandium-doped AlN is the most promising material and 
possesses many outstanding features. Doping with scandium 
improves the piezoelectric constant of AlN by four to five times 
[6] compared to undoped AlN. The higher value of the coupling 
coefficient results in an increase in sensor sensitivity and wider 
filter bandwidth. This improvement also lowers the loss at GHz 

frequencies leading to a higher signal-to-noise ratio for sensors 
and sharper roll-off with lower insertion loss for the filter.  

The film deposition temperature of scandium-doped AlN is 
below 400 degrees Celsius, thereby enabling monolithic 
integration with CMOS [7], ensuring high-yield and cost-
effective mass production. In addition to its piezoelectric 
properties, scandium-doped AlN exhibits notable ferroelectric 
[8], pyroelectric [9], and electro-optical properties [10]. These 
properties find applications in tunable RF components [11], 
ferroelectric memory [12], infrared sensors [13], and photonics 
devices for data communication [14]. 

The roadmap for scandium-doped AlN thin film 
development is towards higher scandium concentration and 
thinner film thickness. The higher scandium concentration gives 
a higher coupling coefficient at the cost of defects appearing in 
the film. These defects appear especially in the form of 
misoriented grains [15], which can degrade the piezoelectric 
properties of the film. Thinner thickness degrades the overall 
crystallinity of the film, which can also degrade the piezoelectric 
properties. However, the resonator and filter at higher 
frequencies need these thinner film thicknesses. The current 
capability of the organization is up to 30% Sc-doped AlN on a 
200 mm wafer with near zero defects [16]. The minimum 
thickness of 20 nm was reported with reasonably good quality. 
The residual stress control during the ScxAl1-xN and metal 
electrodes needs special consideration. The increase in Sc 
concentration makes the etching more difficult. To address the 
issue of selectivity of the piezo layer etch to the bottom 
electrode, both tapered and vertical etch profile recipe 
development is necessary as per the application. The usage of 
thickness trimming provides thickness uniformity control of 
around 0.1% across the wafer for filter applications. [16] 

B. Robust Fabrication Platform 

The choice of the fabrication platform depends on the target 
application, stack requirement, and method of cavity formation. 
The three available fabrication platforms for Scandium-doped 
AlN front-side cavity thin film are ScxAl1-xN platform [17], 
back-side cavity [18], and ScxAl1-xN over silicon on nothing 
platform [19]. Fig. 1 shows the stack configuration of different 
platforms. The first process is ideal for GHz resonators and filter 
applications. The cavity is created using front-side vapor HF 
release [17]. The back-side cavity platform consists of a top 
electrode, the piezoelectric layer, the bottom electrode layer, a 
thin (few μm) silicon, and an oxide layer. This platform is ideal 
for sensors and actuator applications consisting of a silicon 



 

 

device layer. The piezoelectric over silicon on nothing (PSON) 
platform consists of a similar stack as the previous platform 
apart from the pre-formed cavity. The pre-formation of the 
cavity before the bottom electrode deposition uses the silicon 
migration process [20]. It supports different sizes of cavities, 
variable thicknesses of silicon device layer within the wafer, and 
the option to keep the cavity sealed or unsealed. 

C. Device design innovations 

Resonator and filter design for RF communications require 
targeting higher frequencies and higher coupling coefficients. 
For commercially available FBAR, the operational frequency 
depends on the thickness of the piezoelectric film [21]. To 
support multiple frequencies on the same wafer without an 
additional loading layer exploration of different design 
approaches is necessary. For consistent comparison, different 
design approaches for AlN material are compared to FBAR with 
a coupling coefficient of 7.2% at 2.4 GHz as shown in Fig.2. The 
usage of a lamb wave resonator [22] provides tunability but the 
coupling coefficient of less than 2% at 2.1 GHz is too low for 
usage in filter applications. The design innovations to increase 
the coupling coefficient includes frequency tunability by 
controlling the electrode design. The use of checkered pattern 
electrodes [23], laterally coupled alternating thickness mode 
resonators (LCAT) [17], and coupled bulk acoustic resonators 

(CBAR) [24] provided tunability along with performance 
enhancement. For checkered pattern electrodes shown in 
Fig.3(b), the device provides a coupling coefficient of 5% at a 
lower frequency of 285 MHz [25]. Further, the removal of 
redundant areas of AlN can boost the coupling coefficient to 
8.7% at 2.3 GHz. The LCAT operates at a frequency of 2.3 GHz 
with a coupling coefficient of 6.3%, which is close to FBAR 
frequency. The major drawback of this design lies in the need 
for the pattern of the bottom electrode which makes the 
deposition of AlN film over it challenging. CBAR solves this 
problem and can achieve a coupling coefficient of 8.3% at 2.5 
GHz which is higher than the FBAR. 

D. Monolithic integration on RFSOI 

As the ScxAl1-xN deposition has a thermal budget compatible 
with the CMOS process, monolithic integration on the RFSOI 
circuit is possible [7]. This integration enables vertical 
integration in comparison to the two-chip integration. It provides 
a smaller device footprint and a reduction in interconnection and 
packaging loss. The monolithic integration consists of a series 
connection of a 2.5 GHz BAW filter with a single pole double 
throw (SPDT) switch. The integrated device has a filter response 
close to the standalone filter response. The filter response 
provides high bandwidth of 130 MHz and insertion loss close to 
3.5 dB. The temperature coefficient of frequency (TCF) of -20 
ppm is comparable to the standalone filter. The power handling 
capacity of the integrated device is 30 dBm. 

 
Figure.1 ScAlN MEMS platforms at IME. 

 
Figure.2 Different design innovations on the thin-film ScAlN MEMS platforms (a) FBAR, (b) Checker Patterned Electrode [25] (©2015 APL), (c) 
Checkered Patterned LCAT [23] (©2018 IEEE), (d) Lamb Wave Resonator [22](©2018 IEEE), (e) LCAT [17](©2016 IEEE), and (f) CBAR [24](©2019 

IEEE). 

 
Figure.3 Monolithic integration of Thin-film ScAlN MEMS platforms 

on RFSOI [7](©2022 IEEE). 



 

 

E. Sensor applications 

This section presents some sensor applications using various 
process platforms. The back-cavity platform demonstrates a 
SAW-like passive sensor [18] that uses one device to integrate 
pressure sensing, temperature sensing, and wireless 
interrogation function. The antenna receives an interrogating 
signal at a port. The frequency shift estimation of this return 
signal enables the pressure and temperature measurement. The 
pressure sensor has a back-side cavity, and the temperature 
sensor is unreleased. As the temperature and pressure sensors 
follow different coefficients, the two sensors can decouple the 
temperature and pressure data. 

The PSON process can provide a fully sealed or air-exposed 
cavity as per the application. This platform also provides the 
option to dope the silicon membrane and use it as the bottom 
electrode. The MHz to GHz resonators can use this single-
crystal doping and device orientation change to achieve a 
tremendous reduction in the TCF [26]. 

 The piezoelectric micromachined ultrasonic transducer 
(PMUT) can use the PSON platform for the application of high-
resolution ranging [27] and remote temperature sensing [28]. It 
uses the principle of time-of-flight for the applications. For high-
resolution ranging, the PMUT devices placed on top of a shaker 
system are a few centimeters apart. The shaker actuates at 50 or 
100 Hz along with introducing the movement of the shaker plate 
close or away from the PMUT device. It can resolve around 4.3 
μm resolution with a measurement time of 0.5 ms. For remote 
sensing, the device measures the temperature dependency of the 
ultrasound signal velocity that propagates through a medium. It 
measures the temperature of the medium and not the temperature 
of the object. The system consists of a transmitter and a receiver 
PMUT with a variable separation of around 1 cm. The peak of 
the autocorrelated peak and cross-correlated peak are different 
when the temperature changes. An algorithm extracts the 
temperature change corresponding to this difference. 

The PSON process can create chip-scale microfluidic 
devices. This process can make a fully sealed cavity which is 

very suitable for operation in a liquid environment. The two 
demonstrations of microfluidic devices using this platform are 
inter-digitated transducer (IDT) [29] and PMUT based [30].  
The IDT-based device uses the IDT to provide excitation across 
the channel formed using the predefined cavity. The IDT can 
make the particle spin and steering of the particle. For the second 
device design, the particle excitation uses PMUT. In comparison 
to the IDT in which the actuation is limited to a certain location, 
the use of PMUT can embed the entire channel beneath the 
PMUT actuator. The device can achieve a very precise 2-
dimensional localized pressure control in a compact size.  

III. CONCLUSIONS 

This paper gives an overview of the different AlN platforms 
in the organization. It shares the different strategies to meet the 
specification pertaining to the application. It discusses the gaps 
between existing technology/works versus desired performance 
for different applications regarding the robust process platform, 
design innovations, and material choice. In the future, efforts to 
reduce film thickness while maintaining film quality and 
application-specific design innovation can be pursued. The 
research will focus to reduce the turnaround time from design 
conceptualization to MEMS prototyping, low-volume 
fabrication, and high-volume fabrication. Further work in the 
monolithic integration for 5G and Wi-Fi commands a big 
potential market for MEMS products. Exploration of the 
ferroelectric properties of the Sc-doped AlN can open the door 
to enhancement in the big memory market. The timing market 
has always had a big share of the MEMS. Other applications 
such as acousto-optic modulators, quantum computing, laser 
imaging detection, and ranging (LIDAR), etc. need more 
exploration 
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Figure.4 Sensor Applications using ScAlN MEMS platforms (a) Passive SAW Sensor using ScAlN back cavity platform [18](©2021 IEEE), (b) 

Temperature compensated resonator using PSON process [26](©2021 IEEE), (c) PSON process cross-section with air-exposed cavity [26](©2021 IEEE), (d) 

IDT based Microfluidic device using PSON [29](©2023 RSC), (e) PMUT based microfluidic device using PSON [30](©2022 IEEE). 
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