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ABSTRACT We present the nonlinearity of Aluminum Nitride (AlN)-based Piezoelectric Micromachined
Ultrasonic Transducer (PMUT) utilizing Laser Doppler Vibrometer (LDV) technique. The PMUT working
at resonant frequency excite the piezoelectric layer into strong nonlinear region. The nonlinear phenomena
are observed, such as frequency shift and nonlinear out-of-plane displacement magnitude. A mathematic
model of piezoelectric nonlinearity is employed for analyzing the nonlinear behavior, and the second order
piezoelectric coefficient is obtained subsequently. Approximately 120 harmonics, which are generated by
PMUT nonlinearity, are obtained experimentally under a single-tone AC signal of a relatively high-level
voltage. In addition, the number of harmonics can be controlled meticulously. Three different applications are
developed to utilize harmonic generations in acoustic-optical hybrid microsystem and Radio Frequency (RF)
field. The observation and analysis of AlN piezoelectric nonlinearity could benefit a further understanding of
PMUT based on AlN thin film. We believe the generated harmonics can be potentially used in a wide variety
of applications in signal processing and modulation.

INDEX TERMS Piezoelectric nonlinearity, piezoelectric micromachined ultrasonic transducer (PMUT),
aluminum nitride (AlN).

I. INTRODUCTION
Many nonlinear mechanisms exist in the materials, such as
dielectric nonlinearity [1], [2], elastic (mechanical) nonlin-
earity [3], [4], and piezoelectric nonlinearity [5], [6]. Piezo-
electric nonlinearity can be observed when applying a larger
AC force (for the direct piezoelectricity) or higher amplitude
of AC electric field (for the reverse piezoelectricity). It was
found that a linear increase of piezoelectric coefficient as
a function of the applied pressure [7]. Piezoelectric non-
linearity in some kinds of piezoelectric materials has been
investigated before, such as piezoelectric ceramics, and GaAs
[5], [8], [9]. In the last century, Aurelle et al. measured
the piezoelectric nonlinearity on transducers based on hard
Lead Zirconate Titanate (PZT), and observed the spectrum

splitting over the fundamental Frequency [5]. However, the
nonlinear phenomena were found when the input voltage
is higher than 35 V. Recently, the piezoelectric nonlinearity
has been observed on soft PZT operating at 2 V [9]. The
nonlinear properties based on GaAs have also been investi-
gated. However, the nonlinearity of GaAs-based transducers
requires low temperature (lower than 10 K) and high vacuum
environment [10].

The harmonic generation is a typical nonlinear phe-
nomenon [11], [12]. In general, the piezoelectric nonlinearity
appeared on the transducers results in signal distortion and
energy loss. However, the harmonics have a wide variety of
applications in RF communications, quantum communica-
tions, and spectroscopy [13]–[15]. Most of the strategies for

96
This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 2, 2022

https://orcid.org/0000-0002-1364-6519
https://orcid.org/0000-0003-1563-2994


Luo et al.: Nonlinearity of Piezoelectric Micromachined Ultrasonic Transducer Using AlN Thin Film

FIGURE 1. Fabrication process flow, (a) starting with SOI wafers with 5µm Si device layer, 20 nm AlN seed layer, and
200 nm Mo. (b) 1 µm AlN is sputtered, and 200 nm Mo is deposited and patterned. (c) 500 nm SiO2 is deposited
and etched as hard mask, then 1 µm AlN is etched and stopped on the Mo. (d) SiO2 mask is etched. (e) 1 µm Al is
deposited and patterned utilizing photoresist mask. (f) Grinding and DRIE the silicon at the backside. (g) Optical
microscope image of PMUT with diameter of 500 µm.

harmonic generations need a complex experimental setup and
high cost. At meanwhile, it is difficult to control the harmonic
signals effectively.

The device with simple structure and high efficiency of
harmonic generation is required for the promising future
industrial applications. Due to the demand for low cost,
small size, and high performance, Microelectromechanical
Systems (MEMS) transducers may be the most promising
technology for such requirement [16]–[18]. In recent years,
piezoelectric MEMS has been a hot topic in electronic engi-
neering, because of the high quality and great electrome-
chanical coupling efficiency [19]–[21]. Aluminum Nitride
(AlN)[22]–[26], Lithium Niobate (LN) [27], [28], and piezo-
electric ceramics (PZT) [29] have been widely investigated
in the past decades. So far, AlN thin film has been widely
developed in piezoelectric transducers, due to its high phase
velocity and CMOS compatibility [30]–[32]. Then, many
researchers were curious about the interaction of acous-
tic wave with integrated optics based on these transducers,
which could provide a useful approach to perform optical
signal processing in a wide variety of applications[33]–[37].
The surface acoustic wave (SAW) [33], [38], [39], Lamb
wave [34], and bulk acoustic wave (BAW)[37], [40] transduc-
ers have been widely studied in the acoustic-optical hybrid
microsystems. However, most designs can only achieve
Single-Input-Single-Output (SISO) acoustic-optic modula-
tion [34]. To overcome the shortage of the existing tech-
nologies, the AlN-based PMUT is utilized. For the flexural
vibrating, different vibrating modes generate unique patterns.
Each higher-order harmonic signal corresponds to a particular
mechanical vibration pattern. Then, the n-th higher-order har-
monic vibration modes can modulate n different streams of
photons. Thus, the concept of Single-Input-Multiple-Output
(SIMO) can be achieved.

In this work, the PMUT based on AlN thin film is fab-
ricated, then the electrical impedance and I-V characteristic
are measured. Then, the first three resonant vibration modes
are characterized, and the saturation of out-of-plane displace-
ment is analyzed with observed piezoelectric nonlinearity of

AlN PMUT. Next, the second order piezoelectric constitutive
equations are provided to model the piezoelectric nonlin-
earity. In addition, the experimental harmonic generations
are characterized, and then the promising applications are
discussed. When the single-tone AC drive signal is applied to
the PMUT, approximately 120 counts of modes are generated
at the exciting voltage of 9 Vpp. The demonstrated nonlinear
features and the disclosed potentialities of micro/nano device
technology suggest that it is an excellent candidate for imple-
menting compact, low-cost AlN-based transducers for SIMO
communications.

II. FABRICATION
The PMUT was fabricated via a five-mask process, which
starts with a SOIwafer. The SOIwafer is composed a 675-µm
handling silicon, a 1-µm oxide, and a 5-µm device wafer
silicon (100). Prior to the 1-µm AlN (0002) deposition,
20-nm AlN seed layer and 200-nm Mo (110) were sputtered
(Fig. 1 (a)). After that, top 200-nmMo layer was patterned as
top electrode, and the loss of AlN layer was less than 50 nm
(Fig. 1 (b)). Next, 500-nm low stress SiO2 was deposited uti-
lizing plasma enhanced chemical vapor deposition (PECVD)
as etching hard mask; the bottom via and top via are etched
utilizing reactive ion etch (RIE), as illustrated in Fig. 1 (c) and
Fig. 1 (d). Then, 1-µmAl was deposited and patterned as pad
electrode (Fig. 1 (e)). Lastly, a grinding process was utilized
to reduce the bulk silicon thickness to 400 µm, and then the
acoustic cavity of PMUT was defined at the backside by a
deep reactive ion etch (DRIE) of the silicon; The theory and
modeling of the acoustic cavity etched beneath the PMUT is
investigated by the Shelton et al. [41]. The loss of oxide layer
should be less than 50 nm (Fig. 1 (f)). The optical image of the
fabricated PMUT is shown in Fig. 1 (g), the diameter of top
electrode is 500µm,which is the 70% ofmembrane diameter.

III. DEVICE CHARACTERIZATION
A. ELECTRICAL IMPEDANCE AND I-V MEASUREMENT
The electrical impedance of our PMUT was characterized by
the impedance analyzer (Keysight E4990A). The sweeping
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FIGURE 2. (a) The measured electrical impedance and phase of
the PMUT. The frequency spans around the resonant frequency
from 120 kHz to 140 kHz. (b) The measured I-V curve of PMUT.

frequency was set from 120 kHz to 140 kHz. Fig. 2 (a)
shows the electrical impedance and phase of the PMUT.
The resonant frequency of mode (0,1) of measured PMUT
is about 127.5 kHz. The definition of mode (m, n) has been
delivered by the Galerkin method[42], where the m and n are
the numbers of resonant and anti-resonant peaks in the length
and width directions, respectively. The electromechanical
coupling coefficient k2t was measured utilizing resonant and
anti-resonant frequencies of PMUT. The k2t can be expressed
as,

k2t =
π2

8
×

(
f 2a − f

2
r
)

f 2a
(1)

where the fr is resonant frequency, while fais the anti- reso-
nant frequency. The measured k2t is 3.75%.
The Current-Voltage (I-V) measurement of the PMUT

was conducted to identify the electrical standability of the
AlN thin films under high electric field utilizing semicon-
ductor device analyzer (Keysight B1500A), as shown in
Fig. 2 (b). The current rised, when voltage increased from
-10 V to 10 V. The asymmetry of the curve is due to
the different configuration of top and bottom electrodes.
None of the breakdown phenomenon have be discovered
under 100 kV/cm.

FIGURE 3. (a) Measured out-of-plane displacement magnitude
and mode shapes of PMUT, the name of modes is determined by
the Galerkin method. (b) The normalized displacement of mode
(0,1), (0,2), (0,3), respectively. (c) The displacement magnitude of
mode (0,1) under different input voltages.

B. OUT-OF-PLANE VIBRATION RESPONSE
The out-of-plane vibration response at the center of PMUT
was observed by LDV (Polytec MSA-600 Micro System
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Analyzer). As shown in Fig. 3 (a), the out-of-plane vibration
displacementmagnitude of the first threemodes and themode
shapes are obtained, driven by 1 Vpp sweeping frequencies
from 100 kHz to 1.2 MHz. The resonant vibration modes
of mode (0,1), mode (0,2), and mode (0,3) were captured at
127.5 kHz, 458 kHz, and 995 kHz, respectively. The mea-
sured resonant frequency of mode (0,1) is consistent with
the result from electrical impedance measurement. As shown
in Fig. 3 (b), the normalized displacement of the first three
modes along the axis of diameter was measured. Then, the
out-of-plane vibration displacements of mode (0,1) under
different applied voltages were also characterized utilizing
LDV. The 127.5 kHz single tone AC signal was applied to
excite the vibration of mode (0,1). As seen in Fig. 3 (c),
when the applied voltage is under 2 Vpp, the PMUT works
in the linear region, and the displacement magnitude has a
linear relation with the amplitude of input signal. However,
when the input voltage is over 2 Vpp, the PMUT goes into
the nonlinear region. The saturation behavior of out-of-plane
displacement with electrical drive signal can be explained
in terms of the increase of viscous factor with larger input
voltage. The signal tone AC signal has much higher voltage
than the sweep signal, so the measured displacement magni-
tude shown in Fig. 3 (c) is much larger than that shown in
Fig. 3 (a).

IV. PIEZOELECTRIC NONLINEARITY
CHARACTERIZATION
To characterize the nonlinear piezoelectric response of AlN
thin film, the displacement amplitude of AlN-based PMUT
was measured. In our experiment, the PMUT was driven
by AC signals of input frequency (fin) from 100-150 kHz
with different drive voltages, and the out-of-plane vibration
response was captured by LDV. As shown in Fig. 4 (a), when
the input voltage is below 3 Vpp, the PMUT is operating
in the linear region. However, with a higher input voltage
amplitude, the piezoelectric nonlinear behavior appears. The
resonant frequency shifts towards the high frequency side,
and the displacement magnitude shows the discontinuity.
As the signal frequency is swept from low to high, the
displacement response gradually increased to the maximum
at resonant frequency, then dropped sharply. Then, the har-
monics were measured near the center of the PMUT, when
applying the single tone frequency fin(equal to fr ) signal.
If the input frequency fin is close to the resonant frequency
of PMUT mode (0,1), the resonance mode can be excited.
Once the applied voltage with input frequency fin is high
enough, the higher order harmonics can be detected using
LDV. The nthharmonic has n times of resonant frequency f0 of
general vibrating modes with lower displacement magnitude,
as shown in Fig. 4 (b).

V. MATHEMATIC OF PIEZOELECTRIC NONLINEARITY
In conventional situations, the AlN-based PMUT based is
operated in a linear region.When a single AC signal is applied
to the device, the device only operates at the given frequency.
However, at a high-level drive, the piezoelectric thin film will

FIGURE 4. (a) Piezoelectric nonlinear behavior of PMUT by apply-
ing different drive amplitudes. (b) The generated harmonics by
applying the single tone signal of 9 Vpp driving voltage.

be driven into a nonlinear region because of piezoelectric
nonlinearity. The energy is speared over a discrete spectrum.
A single-tone AC signal of finapplied to the transducer can
generate integral multiples of fin.
To model nonlinear transducer behavior, we propose a

second-order extension of the piezoelectric constitutive equa-
tions of AlN-based PMUT utilizing Taylor extension (the
electrode thickness is neglected),

S (T ,E) = S (0, 0)+ T
∂S
∂T
|
T=0,E=0

+ E
∂S
∂E
|
T=0,E=0

+T 2 ∂
2S

2∂T 2 |T=0,E=0
+ E2 ∂

2S
2∂E2 |T=0,E=0

+TE
∂2S
∂T ∂E

|
T=0,E=0

(2)

where S is the strain, T is the stress, E is the electric field.
We assume that there is no pre-strain S0 in PMUT (S0 = 0).
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FIGURE 5. 3-Dimensional vibration map of (a) 2nd and 3rd harmonic mode-shapes of mode (0,1); (b) 2nd and 3rd harmonic mode-shapes
of mode (0,2); (c) 2nd and 3rd harmonic mode-shapes of mode (0,3). The inserts are the 2-Dimensional contour map for each harmonic.
The generated harmonics are formed by the piezoelectric nonlinearity of AlN.

Thus, Eq. (2) can be simplified and rewritten as,

S = cT + dE + αT 2
+ βE2

+ γTE (3)

where c = ∂S
∂T is the compliance, and d = ∂S

∂E is the piezoelec-

tric charge coefficient. α = ∂2S
2∂T 2 , β =

∂2S
2∂E2 , γ =

∂2S
∂T ∂E are

the nonlinear piezoelectric coefficients, respectively. Since
the PMUT is mainly driven by electrical field, and no stress
is provided to the PMUT (T = 0), Eq. (3) can be further
simplified as,

S = dE + βE2 (4)

For the one-dimensional model of PMUT, the vibration
direction of PMUT can be defined in the z-axis, and the strain
in the x-axis can be expressed as,

S =
∂u
∂x

(5)

Substituting Eq. (5) in Eq. (4), then we get,

∂u
∂x
= dE + βE2 (6)

The approximation gives: ∂u
∂x =

u
R , where R is the radius of

diaphragm. Thus, the Eq. (6) can be written as,

u = RdE + RβE2 (7)

The Eq. (7) can be treated by utilizing successive approxi-
mation, the displacement magnitude u can be divided into,

u = u0 + u1 + u2 + · · · + un−1 + un (8)

where the u0 means the displacement magnitude of the linear
vibration. ui (1 ≤ i ≤ n) are the displacement magnitudes of
ith harmonic vibration due to the nonlinear behavior. Then the
Eq. (7) can be solved as,{

u0 = RdE
u1 = RβE2

It can be seen that u0has the same frequency with E of
f0. While u1 and E have same frequency f1, which is the
two times of f0. If we extend the piezoelectric constitutive
equations into nth-order, ui (1 ≤ i ≤ n) would all be solved
to have the frequencies of i ∗ bf0 in the frequency spectrum.

According to the equations above, the nonlinear piezo-
electric coefficient β can be extracted utilizing the data in
Fig. 4 (b). At applied voltage of 9 Vpp, the β≈ 1.3×10−18.

VI. APPLICATIONS
A. ACOUSTIC-OPTICAL MODULATOR
The demonstration of SIMO acoustic-optical modulator was
performed utilizing Doppler effect by the monochromatic
laser and the single frequency AC signal utilizing electric-in
and mechanical-out arrangement. The laser head was directly
set above the PMUT. In this experiment, the 7 Vpp AC signal
was applied to the PMUT, such high-level driving voltage
would excite the PMUT into the nonlinear region. As we
have illustrated before, the frequency of drive signal needs
to be set near the resonant frequency of the desired flex-
ure mode. The reconstructed mode shapes of harmonics are
shown in Fig. 5. The second and third harmonic mode shapes
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FIGURE 6. (a) The illustration of acoustic-optical modulation.
(b) The diagram of the acoustic-optical modulation setup.

of modes (0,1), (0,2), and (0,3), respectively. It is clearly
shown that these mode shapes are different in both pattern
and magnitude. When the harmonic modes are excited at a
time, the laser will be modulated by the multiple generated
acoustic waves simultaneously. Due to the totally different
patterns and working frequencies of 2nd to nth generated har-
monic mode shapes, when n harmonic modes are generated,
the n-channels of optical waves with different frequencies and
phases are modulated. As seen in Fig. 6 (a), optical signals
with different wavelengths (λ) can be modulated in terms
of the excited harmonics. In the frequency range of 0 to
2.6 MHz, up to 20 branches of optical signals are modulated
utilizing acoustic-optical interactions. The schematic of mod-
ulation is shown in Fig. 6 (b). The original laser light splits
into two beams for measurement and reference, respectively.
After the input laser reaches the PMUT, themodulated optical
will be reflected back. Finally, the modulated and reference
waves both travel to the photodetector (PD).

Such multi-channel acoustic-optical modulation concept
can also be utilized in the platform of AlN integrated optics
in the future. The AlN-based waveguide can be directly inte-
grated with PMUT. Due to the different stress generated in the

FIGURE 7. (a) The illustration of the number of generated harmon-
ics at 7 Vpp; (b) The harmonic generations of PMUT based on
first three resonance modes under the single tone AC frequency
of driving voltage.

piezoelectric layer by each harmonic, the refractive index of
AlN will be influenced simultaneously by the stress-optical
coefficient. Thus, the optical mode and phase of light can be
modulated.

B. FREQUENCY COMB GENERATOR
In this section, the demonstration of frequency comb genera-
tor was provided by electrically driving the single PMUT into
a highly nonlinear region. As shown in Fig. 7 (a), when the
input voltage near the resonant frequency is 7Vpp, the number
of detectable harmonics by LDV spans from 0 to 25MHz. The
count of generated harmonics is approximately 120. Recently,
Pillai [9] have demonstrated a SIMO frequency synthesizer
utilizing a 2-port resonator based on PZT. With a driving
power of 10 dBm, a train of harmonics is generated, and
the harmonic counts are 108. In this experiment, the drive
signal near the resonant frequency of mode (0,1) was applied,
and the output vibration signal was detected by LDV. The
output voltage signal has a positive relation with the detected
displacement magnitude. As shown in Fig. 7 (b), the mode
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FIGURE 8. Illustrations of electrically controlled harmonic generations. (a) The plot of out-of-plane displacement mag-
nitude for forward and reverse sweep of the PMUT from 125 kHz to 140 kHz corresponding to 5 Vpp and 7 Vpp are
provided, and the displacement magnitude with three different input voltages are presented. (b) The plot of out-of-plane
displacement magnitude for forward and reverse sweep of the PMUT from 90 kHz to 160 kHz is provided, displacement
magnitude under three different frequencies are measured. The red dashed line and symbols are the guide for the eye.

(0,2) and mode (0,3) of PMUT could also successfully excite
the frequency comb when the 458 kHz and 995 kHz single
tone AC signals are applied to the PMUT, respectively. The
output frequency combs are equally spaced in terms of the
resonant frequency. Because of the higher resonant frequency
of higher resonant mode than that of mode (0,1), a larger
frequency range of frequency comb can be achieved, and
more optical waves can be modulated in a wide frequency
range.

Our observations can be utilized in RF communications in
the future. The multi-channel oscillators can be implemented
by working in the n different frequencies.

C. ELECTRICALLY CONTROLLED HARMONIC
GENERATION
If the number of harmonic generations can be fully electri-
cally controlled, the piezoelectric nonlinearity of AlN-based
PMUT could be widely used. In this section, two different
approaches, applying driving voltages in the nonlinear region
and tuning the frequency of the given signal, were provided to

achieve electrically controlling of the harmonic generations.
In our observation, the harmonic generations are determined
by the displacementmagnitude. Larger out-of-plane displace-
ment results in more harmonic generations. Moreover, when
sweeping the cyclic frequency, the displacement magnitude
appears hysteresis response.

The left panel of Fig. 8 (a) shows the nonlinear behavior
for the forward and reverse frequency sweep of PMUT. The
sweeping frequency is set from 125 kHz to 140 kHz to cover
the resonant frequency of PMUT. For the input voltage of
5 Vpp, the hysteresis response can be observed. When the
frequency is swept forwardly, the maximum displacement of
approximately 35 nm is found at approximately 131 kHz.
However, the maximum displacement magnitude is obtained
below 130 kHz, and larger displacement is achieved when the
frequency is swept forward than that is swept reverse. With a
higher driving voltage of 7 Vpp, the PMUT is configured in
a highly nonlinear region, and a stronger hysteresis response
is obtained. The frequency of maximum displacement mag-
nitude is tuned from 127.5 kHz to 135 kHz, which is a
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5.8% shift in frequency domain. Meanwhile, a much larger
displacement of about 54 nm is achieved, which is more
than 50% larger than the value under 5 Vpp driving voltage.
To measure the harmonic in terms of the applied voltage,
single tone AC frequency of 127.5 kHz was given to the
PMUT. The harmonic generations of PMUT under 3 Vpp
to 7 Vpp are shown in right panel of Fig. 8 (a). As the applied
voltage is increased, the number of harmonics increases as
well. Hence, the study shows that the generations of harmonic
can be fully controlled by the applied voltage.

The left panel of Fig. 8 (b) shows the strategy of tuning
the frequency to achieve electrically control of the harmonic
generations under 9 Vpp. Firstly, the hysteresis behavior of
displacement is plotted, which exhibits the piezoelectric non-
linearity in AlN-based PMUT. For the forward frequency
sweep, a maximum displacement of about 70 nm is achieved,
and large frequency shift is also observed from the pic-
ture. Since the harmonic generations are dependent on the
vibration amplitude, the harmonics are measured under three
different frequencies, 100 kHz, 127.5 kHz, and 150 kHz.
When the frequency is set to 127.5 kHz, many harmonics
can be seen in range of 0-25 MHz. However, few harmonics
are obtained under 100 kHz and 150 kHz. According to this
observation, the feature can be exploited to achieve tailored
number of harmonics.

VII. CONCLUSION
In this paper, the AlN-based PMUT utilizing a five-mask pro-
cess is fabricated, and the behavior of piezoelectric nonlin-
earity of AlN thin film in as-fabricated PMUT is successfully
characterized. The impedance characteristics are measured,
and the electromechanical coupling coefficient k2t is 3.75%.
Then, the second order piezoelectric constitutive equations
are provided, and the nonlinear piezoelectric coefficient is
calculated. Finally, three promising applications, acoustic-
optical modulator, frequency comb generator, and electrically
controlled harmonic generation, are demonstrated. Accord-
ing to our theoretical and experimental analysis of piezo-
electric nonlinearity of AlN thin film, the compacted and
low-cost AlN-based PMUT has wide potential applications in
acoustic-optical hybridmicrosystem and RF communications
when driving the AlN thin films into nonlinear region.
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