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Abstract—In this work, we employed our newly 

developed optical imaging method to probe detailed 
acoustodynamic physics in gigahertz unreleased 
ultrasonic transducers based on an AlN-on-silicon system, 
revealing mode superposition, anisotropic transduction, 
and dynamic mode evolution. Superpositioned upon the 
dominant breathing mode along the vertical direction of the 
AlN layer, multiple resonant lateral modes are identified, 
and they are shown to evolve into a surface mode beyond 
the piezoelectric transduction envelope, with strong 
anisotropic transduction brought by the shear motion of 
silicon. This acoustodynamic property is important for 
verifying and further improving design theories of 
broadband piezoelectric transducers and thin film 
piezoelectric-on-substrate systems in general.  
 

Index Terms—Piezoelectric micromachined ultrasonic 
transducers (PMUTs), acoustodynamics, gigahertz 
ultrasonics, superposition, anisotropy.  
 

I. INTRODUCTION 
IEZOELECTRIC micromachined ultrasonic transducers 
(PMUTs) have attracted significant attention due to their 

important roles in applications such as biomedical imaging 
[1]−[4] and temperature sensing [5], [6]. They typically consist 
of a released piezoelectric thin-film material, such as aluminum 
nitride (AlN) [7]−[14] or lead zirconate titanate (PZT) 
[15]−[19] and are an ideal solution for integrated transducer 
arrays with high frequencies and bandwidth. Research has 
focused on quality factor optimization [8], anchored boundary 
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structures [10], electrode geometric design [14], and airborne 
coupling [17] to improve their performance. These design 
methods tailor the vibrational mode shapes of the devices for 
specific applications and have received considerable attention 
through simulation studies and experimental validation [7], [9].  

Recent results have demonstrated micrometer-thick 
unreleased piezoelectric transducers to raise the detection 
frequency to gigahertz and eliminate the need for released 
membranes, leading to a much higher imaging resolution and 
significantly improved packaging reliability, respectively [2], 
[3], [20], [21]. These gigahertz solidly-mounted PMUTs 
(SM-PMUTs) exhibit acoustodynamic behaviors that are not 
well studied due to the lack of techniques for characterizing 
their complex physics at microwave frequencies. This impedes 
their further optimization since modeling their 
acoustodynamics is critical for understanding energy 
dissipation sources, undesirable resonances, and their device 
performance in general.  

Here, we study the dynamic behavior of SM-PMUTs out to 4 
GHz relying on super high frequency mapping of acoustic 
wavefields using recently-developed femtosecond laser 
interferometry [22], which reveals complex ultrasonic 
superposition, anisotropy, and mode evolution at microwave 
frequencies. The mode dispersion and evolution over a wide 
frequency range are particularly important for the design of 
broadband ultrasonic devices. It opens a path to identifying 
spurious responses and refining their designs for 
high-frequency specifications, which is beneficial to the 
development of PMUTs and other next-generation 
piezoelectric ultrasonics. 

II. RESULTS AND DISCUSSION 
The SM-PMUT device studied here (Fig. 1(a)) consists of an 

AlN thin film sandwiched between two metal layers fabricated 
on a double-side polished silicon substrate. These multi-layer 
devices were fabricated on a 725 μm thick oxide-coated silicon 
substrate with patterned molybdenum (Mo) layer as its bottom 
electrode. A 2 μm AlN layer was then sputtered and patterned 
by reactive ion etching, followed by top Mo electrode 
deposition and then oxide passivation. A cross-sectional 
diagram of the layer stack with nominal thickness is shown in 
Fig. 1(b). Ultrasonic waves and resonances are excited in the 
piezoelectric layer by d33 transduction along the thickness 
direction.  

We first perform electrical characterization of the fabricated 
SM-PMUT. As shown in Fig. 1(c), the S11 spectrum exhibits a 
primary resonance around 2.4 GHz, consistent with the 
fundamental breathing mode of the 2 µm AlN piezoelectric 
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transducer along the thickness direction. The signal reduction at 
higher frequencies is due to uncompensated cable, packaging, 

and network analyzer attenuation. There are a series of dense, 
equidistant resonant phonon modes of the 725 µm thick silicon 
cavity in the proximity of the 2.4 GHz primary resonance, 
where the free spectral range is approximately 5.8 MHz, as 
shown in Fig. 1(d). In addition, the time-domain electrical 
response of the device yielded from the inverse Fourier 
transform of the S11 spectrum, shown in Fig. 1(e), exhibits a 
series of echoes that exponentially decay in amplitude (marked 
with magenta dotted line). The time interval between these 
echoes is near 180 ns, which agrees with the expected travel 
time of an ultrasonic pulse making a round trip inside the 
silicon substrate. In order to show that these dense resonant dips 
are the cavity modes of the silicon substrate, we apply a time 
gating from -10 ns to 100 ns (light cyan shaded area) to the S11 
spectrum to remove all echoes reflected from the other side of 
the silicon, resulting in a clean S11 spectrum (inset in Fig. 1(c)) 
showing only the primary resonance near 2.4 GHz.  

Dynamic optical imaging of the gigahertz SM-PMUTs 
provides direct visualization of the complete acoustic 
wavefields. Using our recently developed femtosecond laser 
interferometry [22], we are the first to map vibrational mode 
profiles out to 4 GHz under a high signal-to-noise ratio while 
the SM-PMUTs are driven under normal sinusoidal electrical 
signals. The amplitude and phase mappings at 2.4 GHz are 
displayed in Figs. 2(a)−2(b). A 3D view of the displacement 
field is thus reconstructed in Fig. 2(c), where lateral modes 
along the x- and y- directions are superimposed upon the 
piston-like motion of the primary mode, and the energy leakage 
of the acoustic waves is visible through its signal trace to the 
right.  

To study these shear modes, we extract the cross-sectional 
displacement profiles from the 3D mappings along the x- and 
y-directions from 2.1 GHz to 3.0 GHz. These profiles are 
stacked in Figs. 2(d)−2(e) with the result along the x-direction 

 
Fig. 1. (a) Optical micrograph of the device under test with the scale bar 
indicating 50 µm. (b) Schematic cross-sectional diagram of material 
layers with corresponding nominal thicknesses. (c) Electromechanical 
S11 spectrum of the SM-PMUT from 1 GHz to 4 GHz. Time gating from 
-10 ns to 100 ns is applied to this signal, resulting in a clean S11 
spectrum shown as the inset. (d) Magnified S11 spectrum for the green 
shaded window in (c). (e) The time-domain electrical response of the 
device resulting from the inverse Fourier transform of the S11 
spectrum. 

 
Fig. 2. Optical characterization of the SM-PMUTs. (a), (b) The amplitude and phase mappings of the vibrational wavefield of the fundamental 
resonance at 2.4 GHz. (c) A three-dimensional view of the acoustic displacement by combining amplitude and phase mappings. Extraction of the 
cross-sectional displacement profiles from the 3D mappings along the x- and y-directions at frequencies below, at, and above the fundamental 
mode from 2.1 GHz to 3.0 GHz is shown in (d) and (e), respectively. (f) The acoustic dispersion diagram for the lateral modes along the x- and 
y-directions, with the error bars representing +/- one standard deviation. 
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amplified by 5 times due to energy loss. It shows periodicity 
along both directions, featuring standing waves as high-order 
shear modes in the AlN transducer. In addition, the periodicity 
(equal to wavelength, λ) gradually decreases as a function of 
frequency. We then calculate the wavenumbers (1/λ) and obtain 
the dispersion in Fig. 2(f) with the uncertainty obtained by 
multiple reading of the period in Figs. 2(d) and 2(e), showing a 
mostly linear relationship. The acoustic shear velocities along 
the x- and y-directions are found to be close for larger 
wavenumber, indicating isotropic transduction.  

Next, we investigate the broadband dynamic interaction 
between the AlN transduction and the silicon cavity modes. In 
such material systems, the energy of the main AlN transduction 
mode is injected into the substrate cavity and serves as the 
transduction envelope to select those high-overtone cavity 
modes that can be practically excited. These modes are shown 
by removing the slowly-varying AlN transduction envelope 
(inset in Fig. 1(c)) from the S11 spectrum (Fig. 1(c)), revealing 
a comb of dense high-overtone bulk acoustic resonances inside 
the first transduction envelope, which are maximized around 
2.4 GHz and gradually disappear around 3.4 GHz (Fig. 3(a)).  

We perform spatial 2D fast Fourier transform (2D-FFT) 
upon the acoustic mappings for a series of selected frequencies, 
both inside and outside of the first transduction envelope. This 
yields images of the acoustic modes as a function of 
wavenumbers along the x- and y-directions. Circular symmetric 
modes concerning the XY-plane can be observed at all these 
frequencies, and show gradually enlarged radius as increasing 
frequency, resulted from the decrease in wavelength for the 
shear modes described above. Such a circular shape is on 
account of the isotropic symmetry of all the mode wave 

velocities in the AlN layer, demonstrating the dominant AlN 
transduction. Interestingly, at frequencies of (3.3, 3.4, 3.5, and 
3.6) GHz, the apparent non-circular symmetry (resembling 
four-leaf clovers) shows up in the 2D-FFT diagrams, which 
means that the acoustic velocities of certain lateral modes 
become anisotropic, which is the result of the shear modes of 
the silicon substrate.  

According to the power spectrum of the dense silicon cavity 
modes, the onset frequency of this anisotropy is near 3.3 GHz, 
which is at the edge of the transduction envelope. It is clear that 
at around 3.3 GHz the power of the teeth inside the comb 
becomes much smaller than that of the peak value and 
eventually vanishes. In fact, these modes significantly leak into 
the passive area as propagating waves beyond 3.3 GHz, as 
shown in Figs. 3(b)−3(c). Finite element analysis confirms the 
efficient generation of vertical cavity modes at 2.44 GHz 
(inside the transduction envelope), while not actuated at 3.34 
GHz (outside of this envelope). Instead, the resonant shear 
modes evolve into leaking surface acoustic waves.  

III. CONCLUSION 
In summary, we demonstrate the broadband acoustodynamic 

behaviors of AlN-based gigahertz SM-PMUTs including 
multiple mode superposition, anisotropic transduction and 
dynamic mode evolution, by means of optical mappings of 
vibrational wavefields out to 4 GHz. These GHz 
acoustodynamics provide guidelines for improving the 
simulation models and dynamics design for future work.  

 

Fig. 3. (a) Extraction of the high-overtone modes by removing the slowly-varying envelope in the S11 spectrum. Spatial 2D-FFT for the optical 
acoustic mappings for a series of selected frequencies yields images of the acoustic modes as a function of wavenumbers along the x- and 
y-directions. (b), (c) Finite element analysis for a quarter of the device at 2.44 GHz and at 3.34 GHz, respectively. 
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