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ABSTRACT Piezoelectric materials have attracted considerable attention over the last two decades because
many technologies utilize their core properties of piezoelectric materials. Previous applications consisted
of bulk structures; however, a shift towards better performance and a more simplified and compatible
fabrication method are required. Aluminum nitride (AIN) is a material that fits these criteria; it has a
non-centrosymmetric crystal structure with a polarized c-axis and exhibits piezoelectric properties. Fur-
thermore, it has an added benefit as the fabrication process of AIN is compatible with complementary
metal-oxide semiconductor technology. This has led to a rapid increase in the adoption and interest in AIN-
based devices. In this review, the crystal structure of AIN and its piezoelectric properties are compared with
those of aluminum scandium nitride. Subsequently, functional devices such as consumer-based devices,
telecommunication-based devices, industrial-related applications, and medical applications are presented.

Finally, a summary and discussion of the future AIN research are presented.

INDEX TERMS Aluminum nitride, scandium, piezoelectric, MEMS, device.

I. INTRODUCTION

Mutual conversion of mechanical and electrical energy can be
achieved using a piezoelectric element. Piezoelectric mate-
rials have found a variety of applications in various fields,
including as filters in communication systems [1], [2], res-
onators [3], ultrasonic medical devices [4], piezoelectric
motors [5], speakers [6], [7], and sensors [1], [6], as shown
in Fig. 1. Although the bulk of the existing market share
of piezoelectric sensors remains high, challenges such as
reduced power consumption, miniaturization, and more envi-
ronmentally friendly fabrication processes still need to be
solved as the demand for high-performance devices increases.
Materials such as Lead Zirconate Titanate (PZT) [8], Zinc
Oxide (ZnO) [9], and Gallium Nitride (GaN) [10] have been
studied extensively. However, it is evident from the literature
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that tradeoffs exist between material selection, performance,
and fabrication processes.

Aluminum nitride (AIN) has recently attracted consider-
able attention because of its ability to exhibit a high phase
velocity [11], [12], high stiffness coefficients [11], [12], [13],
and a relatively low dielectric constant [13], [14]. Moreover,
the compatibility of complementary metal-oxide semicon-
ductor (CMOS) fabrication to form monolithic devices has
allowed for easy fabrication processes [14]. In addition, com-
pared with materials such as PZT, its piezoelectric proper-
ties are weak; therefore, recent AIN developments include
enhancement its piezoelectric properties, such as through
doping with various metals, such as Sc [15], [18], V [16],
Ti [17], Ta [20], Mg [20], and others [20]. Among these
metals, Sc stands out, and up to 40% of doped cases of
Sc-doped AIN have been studied [18], [19]; the piezoelectric
properties have been found to increase by up to five times for
the case of a 40% Sc-doping ratio. In addition, other research
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FIGURE 1. Chart explaining various applications of piezo materials [25].
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FIGURE 2. (a) AIN crystal structure [31], (b) Bond conureuration showing the position of B1 and B2 bonds [32].

areas related to integrated photonics have shown excellent
performance in terms of optical [21], [22] and pyroelectric
properties [23], [24].

This review summarizes the recent research on the use
of AIN in commercial-scale devices over the past decade.
Section II briefly discusses the AIN structure and compares
the piezoelectric properties of AIN and aluminum scandium
nitride (AlScN). Section III presents recent developments
in AIN for consumer applications, including piezoelectric
micromachined ultrasonic transducers (PMUT) devices,
energy harvesters, speakers, and microphones. Developments
in telecommunications are presented in Section IV, followed
by industrial developments in Section IV.

Next, we present recent research on AIN in Blood pres-
sure monitoring as part of medical applications, and finally,
an overview of its possibilities

I. AIN CRYSTAL STRUCTURE

AIN belongs to the III-V family because it forms a hexago-
nally packed wurtzite structure, as shown in Fig. 2(a). The
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lattice parameters for the a- and c-axes were approximately
3.110 and 4.978 A, respectively. Fig. 2(b) shows the crys-
talline structure of AIN. The tetrahedral structure consists of
each Al atom bonded to four N atoms, three of which are
B1 bonds and one is a B2 bond. The maximum piezoelectric
response d33 was measured to be approximately 5.5 pC/N and
was obtained in the longitudinal direction [26], [27], [28],
[29], [30]. In addition, a high stiffness C33 was measured at
3.67e!! N/m?. The intrinsic Q factor of AIN and its compati-
bility with CMOS fabrication processes are important design
features of bulk acoustic wave (BAW) resonators and filters.

The most critical design aspect of a piezoelectric device
is its crystal quality, which is affected by the thickness of
the piezoelectric layer. Studies have revealed that, with an
increase in thickness, the d33 property increases, but the
dielectric loss decreases. However, as the thickness increases
to 1 um, any further change in the thickness has minimal
effect on the crystal quality of the AIN film [29], [30].

Barth et al. [33] used reactive magnetron sputtering to form
AIN films using Al and Sc as targets. By varying the target
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power ratio, the Al-to-Sc ratio can be easily changed over a
wide range, from pure AIN to Al(j_x)Scx)N, where x = 0.4.
An increase in the value of x from 0 to 0.40 increases the
d33 coefficient and decreases the Young’s modulus. Recent
studies have focused on Sc-doped AIN. Table 1 compares
the piezoelectric properties of AIN, 20% Sc-doped AIN, and
40% Sc-doped AIN.

TABLE 1. Comparison of piezoelectric properties of AIN, AlSc(0.2)N,
AlISc(0.4)N, taken from various resources [33], [34], [35], [36], [37].

Properties AIN AlSc(0.2)N  AlSc(0.4)N
Piezoelectric e =-0.58 E;=-0.62
Constant (C/m?) ey =155 E=1.67 E;;=3.19
Piezoelectric Ds;;=5.5 B _
Coefficient (pC/N) Dy, =-2.65 Dy=20 D53 =20-25
Electromechanical
coupling coefficient >1% >2% 3.8%1t04.5%
2
Elastic Modulus
(GPa) 338 240 193
Hardness (GPa) 23 20 13
Elastic Constant C;; 345 320 298
GPa
Elastic Constant C,
GPa 125 127 143
Elastic Constant C,3 125 126 132
GPa
Density kgm® 3453 3560 3680

Ill. APPLICATIONS

A. CONSUMER APPLICATIONS

Currently, mass-produced consumer devices are not only con-
fined to very large-scale integrated circuit (VLSI) devices, but
also have an integrated piezoelectric device that works in a
variety of applications, such as fingerprint sensors [38], [39],
microphones [40], and speakers [41]. In addition, devices
that require a large voltage bias, such as capacitive micro-
machined ultrasonic transducers (CMUT), are not beneficial.
However, PMUT devices can be actuated at a low-voltage
bias and generate electric signals when acted upon by an
external force [42], [43]. Further enhancements, such as inte-
gration with complex but small-footprint CMOS circuitry,
have allowed an increasing number of devices to be built
on a single platform. This paper presents a review of recent
developments in AIN-based piezoelectric devices for con-
sumer electronics, including PMUT devices, microphones,
speakers, and energy harvesters. A brief description of recent
progress, along with a comparison of recently developed
devices, is provided in each section.

1) AIN-BASED PMUT

A PMUT device utilizes piezoelectric phenomena for elec-
troacoustic conversion, ultrasonic transmission, and recep-
tion over a wide range of frequencies. Depending on the
frequency range, PMUT devices have been used extensively
for fingerprint sensing [38], [39], medical imaging applica-
tions [40], [42], and vein identification [43], [44], [45], [46].
Studies on CMUT have also been conducted [46]. However,

VOLUME 11, 2023

limitations such as inaccuracy owing to oily or wet hands, low
ultrasound intensity, high-voltage biasing, power consump-
tion, and pulling effects are considered disadvantages in prac-
tical applications. Hence, interest in PMUT-based devices has
recently increased [47], [48].

A fingerprint device captures an image of a human fin-
gerprint by utilizing various phenomena, such as optical
sensing [49], [50], capacitive sensing [51], and pressure
sensing [51]. Recently, ultrasound fingerprint sensors have
attracted considerable interest owing to their design innova-
tions and because they are unaffected by contamination and
moisture in the human hand. The PMUT sensor transmits
ultrasound waves between the fingerprint frames and valleys,
and based on the time-of-flight change, an image can be
developed for a human fingerprint [52], [53], [54].

Munoz et al. [55] presented a circular PMUT comprising
multiple electrodes for differential transduction. The design
comprises an AIN layer with Al electrodes and different
elastic layers. The PMUT device with Si3N4 showed an
improved output pressure compared with the design using
SiO02 and a-Si as elastic layers. The PMUT device devel-
oped by Ledesma et al. [56] uses a square block of an AIN
layer with both Al electrodes and a Si3N4 layer as the
passive material, as shown in Fig. 3. The use of multiple
top electrodes for differential transduction with a common
bottom electrode resulted in a higher device sensitivity and
coupling efficiency than those achieved in the literature [57].
Compared to a circular PMUT, a square PMUT has a better
output performance as the fill factor and output pressure are
larger. This device was then expanded to a 6 x 6 PMUT
array so that its performance as both an actuator and sensor
could be observed. Similarly, a 6 x 6 array is designed [58].
The PMUT array was fabricated at Silterra Malaysia Sdn
using a microelectromechanical system (MEMS)-on—-CMOS
process [59]. In their design, both square and circular PMUT
arrays were presented with fill factors of 50% and 65%,
respectively. However, as described by the authors, both
devices yielded similar results. This research was further
enhanced by developing guidelines to optimize the PMUT
device, and the results were compared with those of previous
studies [60]. The guidelines consist of performing a finite
element method (FEM) analysis by varying the thicknesses
of the passive layer, AIN layer, and inner electrode sides.
Based on the design parameters, a figure of merit (FoM) was
developed using the equation FoM =doxf2xVr2, where dy is
the membrane displacement, f is the resonant frequency, and
V: is the output voltage between electrodes.

A higher acoustic output was obtained with a thinner
PMUT with 0.6 xm AIN thickness and 1 pm SizNy thickness.
The 110 x 56 PMUT array designed by Jiang et al. [61] is
composed of rectangular PMUTs with a fill factor of 51.7%.
This allowed them to achieve a lateral resolution of 75 um
and an axial resolution of 150-micron for a 4.6 x 3.2 mm
image. An application-specific integrated circuit (ASIC)
interface was designed using a standard 180 nm CMOS pro-
cess. The PMUT array size was similar to that used in many
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FIGURE 3. View of a PMUT design (a) PMUT, (b) Cross-sectional area with
layer arrangements taken from [60].

dual-electrode [56], (b) 3D diagram of AIN PMUT array [63], (c) 6 x 6
PMUT array based on a square-shaped PMUT design [58], (d) 110 x 56
PMUT on a CMOS structure [62].

smartphones today, and the element pitch (591 x 438 DPI)
was comparable to the resolution of commercial capacitive
fingerprint sensors. Additional experiments included imaging
of the epidermal and subepidermal layers. The results were
compared with optical fingerprint images, and good agree-
ment was observed [62]. A comparison of the different PMUT
designs and their important features is presented in Table 2.

2) AIN-BASED MICROPHONES

There is a wealth of information on MEMS-based micro-
phones, focusing much on microphones for consumer audio
applications. The specifications of an aeroacoustic measure-
ment microphone differ significantly from those of an audio
microphone. In the former application area, the criteria for
bandwidth (10-15 kHz) and maximum pressure (commonly
120 dB) are not as crucial as those for the lowest detectable
pressure (approximately 30 dB) in air. Depending on the
measurement, the maximum pressure and bandwidth require-
ments for the microphones used for aeroacoustic measure-
ments may occasionally reach or exceed 160 dB and 100 kHz,
respectively. By contrast, the noise floor is less important
for audio microphones. In this portion of our review paper,
we focused on AIN-based piezoelectric MEMS microphones
designed for acoustic applications and consumer audio
applications.

Low dielectric loss, high intrinsic signal-to-noise ratio,
high rigidity, and a high material figure of merit for sensitivity
are attractive properties of aluminum nitride (AIN) [68], [69].
The low dielectric loss of AIN is a crucial advantage over PZT
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and ZnO for fuselage array applications, because it results
in an improved low-frequency microphone response. Conse-
quently, AIN has been used in aeroacoustic applications [70].
Aeroacousticians employ an AIN-based micromachined
microphone for aircraft fuselage arrays to pinpoint aircraft
noise sources and evaluate the efficacy of noise-reduction
solutions. An ideal design was created and characterized
by Avago Technologies. The manufactured instrument has
a sensitivity of 39 V/Pa and a maximum detectable pres-
sure of 172 dB at a 3% distortion limit. The instrument
responded flatly between 69 kHz and 20 kHz. Littrell [71]
proposed a double-layered AIN/Mo cantilever-based piezo-
electric microphone as part of his doctoral dissertation at
the University of Michigan. The goal of this project was to
demonstrate a piezoelectric microphone with reduced noise
levels. Two different types of device were created for this
project. The first suggested device is a grid of 20 cantilevers
with 0.5 pwm thick AIN layers that serve as sensing elements.
However, owing to the significant dielectric loss and subpar
film quality, the test results revealed a noise floor higher than
the anticipated value of 58 dB. The stress in the cantilever
construction also caused a decrease in vent resistance. The
first device has been modified with thicker AIN (thickness:1
pm) to achieve improved quality of the AIN film. AIN and
Mo were individually patterned owing to changes in the
fabrication process. The number of cantilevers was reduced
from four to two to close the space surrounding them, which
increased the vent resistance. The fabricated device resonated
at 18 kHz and exhibited a sensitivity of 1.82 mV/Pa and
low noise floor level. In [72], the authors demonstrated an
AlN-based MEMS directional microphone (shown in Fig. 5)
in the d3z mode. The ability of AIN to reduce thermome-
chanical noise and the d33 mode were used to obtain a higher
output response. Consequently, the SNR and noise floor of
this combination were higher and lower, respectively, than
those of the other combinations. Another MEMS micro-
phone with an enhanced SNR using AIN and d33 modes was
presented in [73]. In reference [74], the authors presented
an AlIN-based circular membrane microphone with reduced
stress by introducing segmented electrodes. Table 3 provides
an overview of the major sensor parameters and the chrono-
logical contributions of researchers. This summary will assist
researchers in assessing the actual performance of any given
AIN-based piezoelectric MEMS microphone device.

3) AIN-BASED SPEAKERS

The last decade has seen rapid advancements in consumer
electronics, and a rapidly changing market has increased
demand for small, compact, and low-power-consumption
devices that outperform all previous devices. Speakers are
a core component of mobile devices, laptops, wireless ear-
buds, and human—machine interfaces. Currently, speakers
in commonly available consumer devices are dominated by
bulky moving-coil-based designs. Although this is a mature
technology, batch fabrication is challenging because voice
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TABLE 2. Comparison of different PMUT-based devices.

Author Device Material Size Resonant Output pressure Comments
Frequency.

Mufioz et Circular PMUT AIN 80 um x 5.64 MHz 8Pa—50Pa Q=222. The device was tested with passive layers

al. [55] 1.3 um of Si02, a-Si, Si3N4

Ledesma Squared PMUT AIN 80 um x 5.9 MHz 388 Pa in H20 and MEMS-on—CMOS process
etal. [56] 1.3 pm 360 Pa in FC-70 fluid

Ledesma 6x6 AIN 80 um x NA 670 Pa SR =V/MPA =5.9
et al. [58] Array 1.3 um

Horsley 110 x 56 AIN 30 pm x 16 MHz 15 KPa Claimed to be the first to image epidermis and sub-
et al. [62] Array 43 pmx 1 0.6 pV Pa’ surface layer fingerprints

pum
Luetal. 44 x39 Array AIN 25 um x 1 16 MHz 1000 Pa in air and Arrays fabricated on a double-side polishing SOI
[63] pm 10,000 Pa in water wafer with customized cavities
Ledesma Square AIN with 80 pm x 2.48 MHz 1.77 kPa Piezoelectric coefficient (kt?) in air and liquid is
etal. [67] 9.5% Sc- 1.2 pm 2.76 % and 1.12 %
doped
(a) (b)
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FIGURE 5. lllustration of various MEMS microphones, (a) Directional microphone based on interdigitated electrodes, referenced
from [72], (b) microphone based on segmented electrodes, taken from [74], () interdigitated electrodes-based microphone taken

from [73], (d) directional microphone taken from [77].

coils and permanent magnets must be assembled. By contrast,
MEMS-based speakers, or microspeakers, have attracted
more attention owing to factors such as low power consump-
tion, small device footprint, batch fabrication, and compatible
integration with electronic circuits [81].

PZT-based thin-film speakers are the most commonly
available type of material used in fabrication processes; how-
ever, their nonlinear actuation is due to their ferroelectric
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properties and the lack of an environmentally friendly fab-
rication process [82]. ZnO [83] and AIN [84] are com-
monly used MEMS piezoelectric thin films. In addition,
mature fabrication techniques allow thin films to be deposited
by reactive magnetron sputtering methods [83], [84], [85].
However, from a commercial perspective, only a handful
of AIN MEMS speakers are currently available on the
market [86].
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TABLE 3. Performance comparison of AIN-based piezoelectric MEMS microphones.

Author Membrane Sensitivity Bandwidth
Size Thickness

Fazzio et al. [75] 0.7mma 0.3 NA 1-6KHz
Cho et al. [76] N/A 0.5 N/A 100 Hz — 15 kHz
Williams et al. [70] 0.82 mm? 2.14 39 mV/Pa 69 Hz — 20 KHz

Littrell et al. [71] 0.62 mm? area 1P 1.82 mV/Pa 50 Hz — 8 KHz
Zhang et al. [77] 1 mm¢? 0.5 19 mV/Pa 100 Hz — 15 kHz
Fernandez et al. [78] 1.6 mm? 0.2 0.68 mV/Pa 11.2¢

Rahaman et al. [72] 0.81 mm*® 0.5 5.43 mV/Pa 20 Hz — 20 kHz
Rahaman et al. [73] 2.3 mm? 0.5 4.49 mV/Pa 2 kHz — 10 kHz
Ullmann et al. [74] 1 mm* 0.36 0.46 mV/Pa 10 Hz — 10 kHz
Kumar et al. [79] 1.7 mm*© 0.3 N/A 12 Hz — 22 kHz

“Diameter of membrane.
“Stacked AIN.

“Side of square membrane.
dLength of wing.
‘Resonance frequency.
N/A: Not available

(b)

[] Mo
[ ScAIN

[ si
[ Au
[ Sio,

TABLE 4. AIN-based piezoel

(c) (d)

Electrode

Fixed end Initial position
_ - Piezoelectric Material \

Poly-Si

Substrate
- Bending deformation /

FIGURE 6. lllustration of various MEMS speakers. (a) Schematic of the MEMS ScAIN speaker
with actuators separated by small gap [87], (b) optical image of the fabricated membrane with
cantilevers [89], (c) cross-sectional view of the MEMS speaker designed with various selection
of materials for electrodes and piezoelectric layers [88], and (d) schematic of a cantilever beam
with bending under the applied electric field [90].

ectric MEMS speakers.

Author Material Size SPL (dB) Power Comments
Fawzy et al. [87] AlSco 0N 1 um Up to 50 dB 20V Use of four actuators separated by a thin gap
Hossam et al. [88] AIN 2 ym NA 20V Comparison between various materials and electro

Jang et al. [89]

Liu et al. [90]

de configuration
AIN 0.5 um 95 dB 3.5 Vpp Piezoelectric artificial basilar membrane

Sensitivity 105-107 dB/mW, 10- times less

AIN 0.5 pm 101 dB 8 Vrms .
power consumption
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FIGURE 7. lllustration of various MEMS energy harvesters: (a) SEM image illustrating the
cross-section view of the Piezo Harvester [102], (b) fabricated AIN-based MEMS energy harvester
with a two-cantilever device [99], (c) device concept of the AIN harvester with seismic mass [98],
and (d) layer composition and their dimensions of piezoelectric energy harvesters [103].

Fawzy et al. [87] developed a 9% Sc-doped AIN-based
MEMS speaker and compared its piezoelectric coefficient to
that of AIN. The design consists of four triangular actuators
arranged in a stacked position. The actuators were separated
from each other by small gaps. The thickness of each element
was optimized using an analytical model. Additionally, the
performance was affected by the gap between the actuators,
and this function was sound pressure level (SPL). From the
analysis, it was observed that as the distance became greater
than 10 um, the SPL magnitude decreased significantly.
In addition, the deflections of A1ScN and AIN were compared
and it was observed that the deflection was higher for AIScN.
In another study [88], the design parameters were varied to
measure the membrane deflection and SPL output of the
speaker. The performances of the membraneless and clamped
designs were compared using different material arrangements
and resonant frequencies. The best model was proposed based
on this design. In terms of innovation, a novel artificial
basilar membrane using a MEMS-based piezoelectric can-
tilever array was proposed [89]. The design parameters of
the array considered the frequency selectivity and sensitiv-
ity to the incoming sound pressure, and AIN was used as
the active piezoelectric layer sandwiched between the two
electrodes.

Sensitivity is a key performance parameter when designing
speakers because power consumption is a key factor when
considering consumer-based applications such as electronics,
medical devices, and Internet of Things (IoT)-based plat-
forms. The SPL output is also related to the power con-
sumption; a higher level of sensitivity results in lower power
consumption. Liu et al. [90] developed an analytical model to
optimize the sensitivity and SPL output of speakers. The key
parameter of focus was the layer thickness ratio. The analyti-
cal expression consists of equations involving the piezoelec-
tric model, tensile deformation, bending deformation, and
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derived displacement. For these expressions, the input ratio of
the piezoelectric layer thickness to the support layer thickness
was used, and an optimized model was created based on the
response obtained.

4) AIN-BASED ENERGY HARVESTERS

Devices that promise a self-powered energy system and are
employed indoors and outdoors can be utilized in various
applications, such as remote and harsh environments, and
embedded inside the human body, as in the case of pacemak-
ers [91], [92], [93], [94].

Energy harvesting has recently attracted considerable
attention from the research community as a key technology
in applications where changing batteries is not practical, such
as autonomous wireless sensor networks (WSN), IoT, and
e-health. Among the available ambient energy sources suit-
able for energy-harvesting applications, ambient vibrations
can provide a high energy density per unit device and operate
in implanted or embedded systems [93], [94].

Several approaches have been developed for piezoelectric
micro-and nanogenerators to harvest energy from random and
tiny human body motions: one is through the use of nanos-
tructured materials, and the other is through thin films [94],
[95], [96].

Studies have been conducted to investigate the properties
of AIN energy harvesters operating over a range of frequen-
cies. Sharma et al. [97] developed an AIN on an SOI wafer
and generated a total of 54 nW at a low level of acceleration
of 24 mg at an operating frequency of 114 Hz. Dow et al. [98]
fabricated an energy harvester based on two different design
architectures and obtained output powers of 10 and 34.78 uW
at resonant frequencies of 186 and 572 Hz, respectively.

Jackson et al. [99] demonstrated a novel technique using an
AIN-based device to self-generate power for an implantable
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leadless pacemaker that utilized heart vibrations and main-
tained a small footprint within the pacemaker capsule. At a
low resonance frequency of 20-30 Hz and a small ‘g’ vibra-
tion of 1-1.5, an average power of 1.49 and 2.81 uW is
obtained.

One technique for developing AIN films is sputter-
ing [100], [101]. This technique is a promising approach for
developing energy harvesting applications because AIN is a
low-temperature preparation material with unique physical
properties and is a highly thermally stable material with
a melting point of approximately 2100 °C, with a piezo-
electric effect study up to temperatures of approximately
1150 °C [101]. Additionally, an AIN-based piezo-cantilever
beam was built on a silicon-proof mass. The piezoelectric
thin film possessed a highly c-axis-oriented crystallite with
a homogenous polarity distribution. The film was deposited
using pulsed DC magnetron sputtering. During the process,
parameters such as the vacuum degree, gas flow ratio of N2
and Ar, sputtering power, substrate temperature, presputter-
ing time, and seed layer were systematically optimized and
analyzed. The final AIN film was kept at 1 um to generate a
total power of 55-56 W at a resonance frequency of 210 Hz.
Algeiri et al. [102] synthesized a flexible and biocompatible
energy harvester using an AIN thin film sputtered onto a thin
polymer substrate. The piezoelectric coefficient was found to
be 4.93 £ 0.09 pm/V, optimal generated power was found to
be 1.57 uW.

Frach et al. [100] used reactive-pulsed magnetron sput-
tering with a double-ring magnetron DRM 400 to develop
AlScN films. Pure Al and Sc-targets were used to deposit
AIN or AlxSci_xN, respectively, with Sc concentrations up
to 55%; based on the designs, an RMS power of 70 uW
for AIN and 350 uW for AlSc(0.4)N were obtained and
as the thickness was increased from 10 um to 50 pum the
output power saw an increase to 140 uW. Recent studies
have included other methods to develop a simpler fabrication
process using multilayer ion beam-assisted deposition [103].
This method demonstrated a d33 coefficient of (7.33 4 0.08)
pCN~! and an output power of 0.25 L W.

B. TELECOMMUNICATION APPLICATIONS

In 2019, South Korea, among other countries, successfully
created a commercialized mobile-phone-based 5G commu-
nication platform for the first time. Based on data from the
International Telecommunications Union, a 5G network can
achieve a maximum transmission speed of 20 Gbps, which
is 20 times faster than that of a 4G system. Furthermore,
100,000 devices per km? for 4G were connected, which
increased to 1 million per km? for 5G. When discussing such
devices, we must consider each component of the platform,
such as filters and low-noise amplifiers (LNA). [104], [105].
Currently, most mainstream radio frequency (RF) filters are
surface acoustic wave (SAW) and BAW filters. A recent mile-
stone in the micro-RF filter technology is illustrated in Fig. 8.
Compared to SAW devices, BAW filters are recognized
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because of their advantages such as high operating frequency,
power capacity, and high Q-factor for a steeper filter design.
Additionally, as discussed earlier, the high isolation and AIN
compatibility with CMOS make it a dominant device for RF
communication [106], [107], [108].

MEMS-based resonators can also be integrated into
systems that monitor changes in pressure, acceleration,
and temperature and filter a specific frequency band
for RF transceivers. Currently, SAW filters operating in
low-frequency band applications are composed of lithium
tantalite (LiTaO3) and lithium niobate (LiNbO3) [110],
[111]. However, challenges constrain the operating frequency
to around 2.5 GHz [112]. Thus, based on the literature, it is
evident that AIN-based devices dominate high-band applica-
tions [113]. Additionally, with Sc doping, the piezoelectric
strain coefficient d33 of the AIScN thin film can increase
significantly, as discussed earlier; thus, the AIScN piezo-
electric thin film shows a greater advantage for emerging
FBARs [114], [115], [116], [117].

Similar to other devices discussed previously, the BAW
resonator structure is composed of a piezoelectric stack, and
the piezoelectric film is sandwiched between two metallic
electrodes. The fundamental component of the resonators
is resonance, which occurs when the generated wavelength
is excited at twice the thickness of the piezoelectric layer:
fo = v/2d, where fy and v are the resonant frequency and
acoustic velocity, respectively, and d is the thickness of the
piezoelectric film

Factors such as the thickness of the electrode can also
affect the resonant frequency because a frequency shift can
be observed, which can be used to create a passband filter.
Resonators are classified based on their frequency range:
flexural mode resonators are used in low-frequency appli-
cations [110], [111], contour mode resonators are used in
very high-to super-high-frequency applications [113], and
thin-film FBARs are used in gigahertz frequency applica-
tions [114], [115], [116], [117].

Xie and Nguyen [118] demonstrated a closed-loop oscil-
lator; the AIN-based capacitive-piezoelectric resonator was
driven by a 167.3 MHz radial-contour-mode disk, and a
Q-factor of 4536 was measured. The device consists of
polysilicon electrodes that do not touch the AIN, but instead
hover above and below the film. This novelty allows a high
Q-factor to be obtained, along with further mitigation of
intrinsic losses.

Ding et al. [119] fabricated an AIN-based BAW res-
onator and filtered it onto a SiC substrate using a GaN
HEMT-compatible process. The AIN film was grown
using metal-organic chemical vapor deposition. In addition,
to attenuate the size of the lateral vibration pattern, the
shape of the electrode was maintained pentagonal, which
could effectively prolong the path length of the Lamb wave
propagation and minimize the coupling effect between the
bulk wave resonance and unwanted lateral modes. Based
on the design process, the resonator exhibited a FoM of
60. Chen and Rinaldi [120] developed a new class of
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TABLE 5. Performance comparison of AIN-based piezoelectric MEMS energy harvesters.

Author Material Size Resonant Power Comments
Frequency.
Sharma et al. [97] AIN 0.5 um 114 Hz 54 nW AIN on an SOI wafer
Dow et al. [98] AIN 1.7 pm 186 and 572 Hz 3;(; ;I;g)v Enable higher amplitude vibrations
Jackson et al. [99] AIN 40 mm x 6 mm 30 Hz Average p Owe;\(;vf 1.49 and 2.81 Implanted leadless pacemaker
AlScosN 8 mm x Reactive magnetron sputtering pr
Frach et al. [100] and 600 Hz to 1.1 kHz Tens to hundreds of pW & P &P
80 mm ocess.
AlSCo,43N
. Biocompatible flexible harvester ba
Algieri et al. [102] AIN 1 pm NA 1.57 pyW sed using PI thin elastic layer
Gablech et al. [103] AIN 1 pm 2480 Hz 0.25 uW Multilayer ion ?Zf;"asmted depos
Market / Application
Military L-Band S-Band C-Band
Automotive
WiFi
4G High Bands
5G Mid Bands

Poly Crystal
BAW

FOM-Power Performance

0 1 2 3 4

Micro RF Filter Technologies

XBAR

Single Crystal
BAW

5 6 7 8

Frequency (GHz)

FIGURE 8. Market application and band allocation of RF filter technologies [109].

TABLE 6. Performance comparison of AIN-based telecommunication devices.

Author Layer Size Resonant Frequency Q-Factor Notes
Xieetal. [118] AIN 20.4 167.3 MHz 4536 The figure of Merit (FoM) of -199.1 dBc/Hz
Chen et al. [120] AIN 1 3800 MHz 1100 A new class of overtone Fesonators of A2 and A3 order
Asymmetrical Lamb-wave
Shahraini et al. [123] AlyScooN 1 185 MHz 12.6k Demonstration of Thickness-Lamé (TL) mode
Gao etal. [121] AIN 1 446 MHz 1500 Bandwidth widening capability
Gao et al. [122] AIN 1 240 MHz 3000 FoM of 52.5

overtone resonators that provided a much higher Q fac-
tor; their design utilized thicker AIN films. For overtone
operation, a higher resonant frequency of up to 40 GHz is
possible.

Gao et al. [121] developed an AIN Lamb wave resonator
sandwiched between a series of top interdigitated transduc-
ers (IDTs) and bottom electrodes (BE). The top IDTs were
alternately connected to the ground and RF signals and the
BE was electrically maintained. Based on this design, the
resonant frequency was set to 450 MHz. The design exhibited
an electromechanical coupling of 0.94% with Q = 1500.
A similar design investigated the wave reflections at anchors

VOLUME 11, 2023

using time- and frequency-domain models [122]. Using both
models, the authors analyzed the transient wave-anchor inter-
action and steady-state analysis, and evaluated the reflec-
tion coefficient. Using time-domain simulations, Lamb wave
propagation was incident on the anchor. Based on this action,
a stress wave and a reflected stress wave were obtained. The
scattering parameter, S11, was evaluated. To increase the
reflection parameter, a Pt brick layer was added to create an
impedance mismatch. In comparison with the other designs
mentioned by the authors, the Q-factors were found to be
3037 and 4050 based on the different thickness values of the
Pt brick layer.
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resonator [122].

To judge resonator performance across multiple platforms,
frequency ranges, materials, and measurement configura-
tions, researchers have used the FoM of the resonator,
which is defined as FoM :kgfo. [117]. From the lit-
erature, we can see that up to an FoM of 12.6 was
achieved by Shahraini et al. [123]. The design is based on
a thin-film piezoelectric substrate. The device was excited
in the thickness-Lamé mode. The d31 coefficient of the
device is mainly considered to excite the device in the lateral
extensional modes. To excite the device in the fundamen-
tal mode, its width should be equal to the half-wavelength
resonance. However, the authors used interdigitated elec-
trode patterns to actuate the device at higher harmonics.
Using interdigitated electrode patterns, the centers of the
two adjacent electrodes were equal to the half-wavelength.
Thus, the pure-thickness Lamé mode was actuated in the
resonator.

C. INDUSTRIAL APPLICATIONS

A wide range of MEMS-based pressure sensors have been
used to manage and monitor pressure-related variables
in fields such as aerospace, automobile, biomedical, and
oceanographic studies. Being a small footprint, more sensi-
tive, and less expensive than its macro counterparts, it allows
multiple devices to be integrated onto a single platform. The
pressure sensors discussed here are based on a thin AIN layer
sandwiched between a layer of metal electrodes, where AIN
acts as a sensor to identify changes in pressure by producing
a potential difference under the applied external stress based
on the polarized c-axis because of its non centrosymmetric
crystal structure [124], [125].
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From the literature, we can conclude that when an AIN film
is directly grown on a Si wafer, many desirable properties
exist, such as a low dielectric loss tangent, efficient piezoelec-
tric and dielectric properties, and high thermal stability [126],
[127]. Kumaresan et al. [128] fabricated AIN-based ultrathin
chips for pressure sensing applications. The design was based
on an AIN on a Si wafer. The two proposed designs con-
sisted of the same substrate and the same 500 nm thick AIN
layer; however, a polymethylmethacrylate (PMMA) layer
was spin-coated along with attaching the sensor to a flexible
PI layer for the second device. The use of a PMMA layer
for damage-free high-performance flexible devices ensured
that the performance was not affected compared with a device
without such layers.

For all microstructured devices, increasing the sensitivity
of the device is critical to allowing the device to measure
subtle changes. A design based on a contour-mode resonator
(CMR) was experimentally verified for measurements in the
0-200 kPa pressure range. Offering enhanced linearity, the
device achieved a sensitivity of 16.51 Hz/hPa [129]. Addi-
tionally, the recent use of flexible and biocompatible materi-
als has made it possible to use smart sensors and electronic
skins (e-skins) for advancements in applications such as
human-machine interaction and wearable systems for health
monitoring [130]. For example, Ma et al. [131] developed an
ultrathin tactile sensing chip coupled with metal-oxide semi-
conductor field-effect transistors (MOSFETSs). To achieve
flexibility, the authors performed a sacrificial technique of
backside lapping assisted by PMMA, which reduced stress,
especially during the bonding and debonding stages. A simi-
lar use of AIN coupled with a MOSFET was reported in [132]
and [133]. An industrially rated device must be employed
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in harsh environments, and certain factors, such as temper-
ature, radiation, and environmental factors, can lead to poor
device performance. Therefore, changes in the interface cir-
cuit, compensation algorithms, or device modifications are
required [134], [135]. Wang et al. [136] developed a solution
using acoustic wave technology. The device was based on
a stack of Si/AIN/Mo with IDT and Bragg-reflector-based
patterns on the Mo layer. The Lamb wave pressure sen-
sor measures absolute pressure and exhibits low-temperature
drift. The resonance frequency and Q-factor were evaluated
as 819.5 MHz and 10k, respectively. Xie et al. [137] proposed
an oxide trench array technique to enhance the temperature
stability. Using an oxide trench array, the authors presented
variations in the resonance over a temperature range. To com-
pare the effects, two devices were fabricated on the same
platform: one with an oxide trench array and the other without
an oxide trench array. The design with the oxide trench
array exhibited minimal variation, thereby demonstrating its
effectiveness.

D. MEDICAL APPLICATIONS

MEMS-based pressure sensors have several advantages over
their bulk counterparts. Thus, small influences on the objects
can be easily detected. One such case is the accurate body
readings required for medical diagnosis [139]. Furthermore,
with recent developments in micromachining, high-aspect-
ratio devices are now possible and devices are now able
to directly measure fluctuations, variations, and anomalies
in both blood pressure and blood vessels, allowing medical
devices to investigate issues such as coronary heart disease
and hypertension [140].

For diagnosis, continuous and noninvasive monitoring of
the anatomy is critical. However, the current bulk-shaped
devices are inadequate for accurate monitoring. The recent
concept of stretchable electronics has achieved large-scale
success, wherein a stretchable device places minimal con-
straints on the human body and provides continuous and
noninvasive readings. Considerable efforts have been made
to overcome these challenges [141], [142], [143], [144].

Recent preliminary works have reported the fabrication of
similar devices based on different materials, such as 1-3 com-
posites [145], [146]. These developments have created much
hype in the medical sciences, with the idea that acoustic imag-
ing and blood pressure monitoring can now be performed
using a device that is a few inches in size. Similarly, long-term
monitoring to detect anomalies has become possible owing to
recent developments. Here, we compiled only the most recent
developments related to the fabrication of AIN-based blood
pressure measurement devices since 2015.

Bongrain et al. [147] described the design of AIN-based
transducers embedded in thin, biocompatible parylene layers.
The transducers were experimentally verified by measur-
ing the fluidic pressure around the static pressure. With an
excitation signal, the pressure oscillates using the flow of
liquid water. Based on these variations, the sensitivity and
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FIGURE 10. lllustration of various MEMS used as pressure sensors:

(a) 3-D illustration of the acoustic wave pressure sensor [136],

(b) integrated AIN capacitor with MOSFET [132], (c) schematic
representative and SEM of the contour-mode resonator taken from [129],
(d) optical images of the developed tactile sensor [128].

membrane deflections were measured to determine changes
in blood pressure.

A novel, self-powered sensor for arterial pulse monitor-
ing was proposed by Dalin and Hasan [148]. The model
was implemented using a self-powered sensor designed to
monitor human vital signs. Based on the modeling, several
analyses were performed to obtain an optimized design that
included stress—strain curves, strain—applied pressure curves,
and sensitivity to the elastic load.

The maximum possible nanogeneration device was
achieved based on optimized geometrical features. For the
verification process, various arterial pulse waveforms were
used to measure the performance, and distinct peaks were
detected for each case.

One limitation of the previous studies is the lack of in
vitro experiments. However, an artery-diameter monitoring
system using a CMOS-compatible AIN PMUT 3 x 3 mm
array was suggested in [149], and an in vivo animal study
was performed to demonstrate the feasibility of this system
in live animals. From the experiments, the minimum diameter
variation was measured as approximately 2.3 um. However,
a greater understanding of the arteries and their behavior is
still needed. Pala et al. [150] studied the surface curvature of
the arteries using a pulse-echo sensing method. Using simula-
tion models of human blood vessels, the distance between the
transducers and the blood vessels was maintained at 25 mm.
At this distance, the time-of-flight of the echoes received from
all blood vessels was the same. However, in received signals,
the reflected surface curvature causes attenuation or gain, and
a blood vessel with a larger diameter causes greater attenua-
tion. For experimental verification, mineral oil inside tubes
was used to imitate the acoustic property of human tissue,
and by keeping the array transmitter and receiver system at
a distance—to simulate the human artery position—various
times-of-flight were observed.

Based on the experiment, a successful change was
observed for the tubes with different diameters. Li et al. [151]

58789



IEEE Access

S. T. Haider et al.: Review of the Recent Applications of Aluminum Nitride-Based Piezoelectric Devices

Mo HEE Al B AIN

(b)

l Pressure

swmmsmnns | silicon Layer
I [ Metal Layer
| Il Oxide Layer

| B Piczoelectric Layer

| BuK

===

(c)
1) 1% electrode 5) Parylene
deposition deposition
2) AIN
dt)eposition 6) Back side
r_1 silicon etching

3) 2" electrode
deposition

& : 5) Parylene
4) Dielectric deposition on
layer deposition the: acle sida

Annular with

serpentine Annular  Disk

4 inches

Control electronics

“
"
q

f-
L}
"
)-
"-
)
.5,-, i
l.'
b

U

4
¢ 'qy
‘ng"
4

iy
i
~book

o

u--u-.im.'h

.
'
(0

Al connections

FIGURE 11. lllustration of various MEMS blood pressure monitoring devices: (a) Cross-sectional view of the PMUT
array designed for in vivo monitoring [149], (b) 3D illustration of the self-powered pulse sensor array [148],
(c) illustration of the fabrication process of the transducer with processed wafer and control electronics [147],

(d) fabricated PMUT array with 39 x 39 elements [150].

developed a transducer and array for successful three-
dimensional vascular reconstruction using both the Synthetic
Aperture Focusing Technique (SAFT) and Doppler flow mea-
surements. To verify this concept, a simulated blood vessel
with two PMUTs was used. The accurate position and flow
velocity were measured when the PMUTSs were placed at
angles of 60° in the normal direction and 30° in the horizontal
direction. Two longitudinal B-mode images were obtained
using the SAFT technique, and based on the placement of
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the devices, the accurate positions of the front and rear walls
were determined. In addition, the pulse-echo method was
used, and was found to be 15.101 cm/s. Chen et al. [152] grew
a single-crystalline III-N film composed of AIN, AlGaN,
and GaN on a Si substrate, where AIN served as a buffer
layer. The sensor was designed with a thick bottom electrode
to shift the neutral axis away from the piezoelectric film.
The sensing mechanism relies on blood vessel expansion.
When the arterial pulse travels through the vessel, it causes

VOLUME 11, 2023



S. T. Haider et al.: Review of the Recent Applications of Aluminum Nitride-Based Piezoelectric Devices I E E E ACC@SS

TABLE 7. Performance comparison of AIN-based pressure sensors.

Author Layer Size Force/Pressure Range Sensitivity Notes
Kumaresan et al. [128] AIN 500 nm NA NA Tactile
Ma et al. [131] AIN 500 nm NA 43.79 mV/N Coupled with MOSFET chip
Gupta et al. [132] AIN coupled lum IN to 4N 2.64 VIN Tactile
MOSFET
Wang et al. [136] AIN 1 um 0.4MPa Q-factor of 10000  TCF of -14.4, Lamb wave based pressure sensor
Zuo et al. [129] AIN-CMR 1.5 pm 200KPa 16.51 Hz/hPa Monitor gaseous species
Xie at al. [137] AIN 20 nm Seed layer and 1.2 150 Psi 0.67% Full scale as Temperature compensation with low non-linearity

um as piezolayer

a factor of and thermal shift
temperature to shift
in resonance

Sujan et al. [138] AIN 350 nm 20-bar 5 V/N Island beam mechanism
TABLE 8. Performance comparison of AIN-based blood pressure sensors.
Author Layer Size Notes

Bongrain et al. [147] AIN Two layers of 1000 um and 900 nm Use of Pt and Al as electrodes

Pala et al. [150] AIN 3 mm x 3 mm Arca and has 39 x 39 keit® at 2.48%
elements
Dalin et al. [148] AIN 0.5 pm Sensitivity of 0.13 V/kPa
Peng et al. [149] AIN 1 pm In vitro experiment on a sheep
Lietal. [151] AIN 0.5 um Positioning of the blood vessel as well as flow velocity
was tested
Chen et al. [152] III-N with AIN as 0.1 um Detection of femoral pulse site
Buffer layer

an increase in pressure, leading to expansion of the blood
vessel. As the device is sufficiently flexible, it can bend
during expansion and contraction. Based on the bending of
the device, polarization was observed, which created a surface
change in the device. The sensitivity of the device is an
important design aspect, and the authors successfully sensed
pulses at large deflection sites as well as weak pulse sites,
such as the femoral artery.

IV. CONCLUSION
The recent advancements in AIN-based devices are sum-
marized in this paper. The following key areas are focused
on: the crystal structure of AIN is presented, along with
a comparison of the piezoelectric properties of AIN—with
20% Sc-doped AIN and 40% Sc-doped AIN; the use of AIN
in consumer-based devices, including recently developed
PMUT devices, microphones, speakers, and energy har-
vesters is explored; furthermore, various designs of telecom-
munication devices, such as BAW resonators and acoustic
filters for 5G applications, are presented—highlighting the
importance of AIN in telecommunication devices, and the
ease of fabrication as a further advantage; industrial applica-
tions of AIN-based devices—mainly pressure sensors—are
presented; and finally, in the medical applications of AIN,
various findings in blood pressure monitoring are presented.
From the key areas above, we can observe that PMUT
device arrays as large as 110 x 56 elements have been created
and have the capability to image the skin epidermis and
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subsurface. Similarly, for smaller arrays, the devices achieved
a Q factor of up to 222 with a pressure output of 130. Sim-
ilarly, for microphones, a peak sensitivity of 19 mV/Pa was
achieved, and a peak SPL of up to 100 dB and a sensitivity
of 105 dB/mW were observed for AIN-based speakers. Fur-
thermore, an energy harvester with a peak power output of
854.55 uW/cm?3/g> have also been developed. For telecom-
munication devices, the Q-factor is the most important char-
acteristic, and producing a high Q-factor in RF signals often
induces nonlinear effects; however, we see that at 0.16 GHz,
the devices have a Q-factor of up to 4536; similar results have
been achieved in the case of pressure sensors. Finally, when
we review recently developed blood pressure monitoring
transducers, we investigate numerous other applications such
as the imaging of internal organs [146]. AIN-based devices
show potential; however, when comparing their piezo output
performance, there is still room for improvement. In terms of
future applications, further developments will lead to devices
that can assess blood pressure waveforms and perform acous-
tic imaging of human organs.
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