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ABSTRACT 
The concept of “bimorph” piezoelectric micromachined 
ultrasonic transducers (pMUTs) has been demonstrated by 
utilizing a two active AlN layers structure constructed in a 
CMOS-compatible process. The prototype device has two 
0.95µm-thick AlN layers sandwiched by three 0.15µm-
thick Mo electrodes.  In a prototype, both an inner circular 
and an outer annular electrode are designed on a 230 µm 
in radius, circular-shape diaphragm.  When actuated with 
the inner electrode of 160µm in radius, the pMUT has a 
resonant frequency of 198.8 kHz and central displacement 
of 407.4 nm/V. Under the differential drive scheme using 
the dual-electrodes for large acoustic outputs at a low 
frequency, the measured central displacement is 13.0 
nm/V, which is about 400% higher than that of a 
unimorph AlN-pMUT under similar actuation conditions.  
As such, the dual-electrode bimorph pMUT presents the 
improved operation as compared with the state-of-the-art 
flat pMUT design to achieve enhanced acoustic outputs. 
 
INTRODUCTION 
Conventional ultrasound transducers are based on PZT as 
the piezoelectric material and operated in the thickness 
mode for various types of applications, including medical 
ultrasonography [1]. The operation resonant frequency is 
determined by the thickness of the PZT layer and tight 
process control is required to meet the targeted frequency 
[2].  Considering the fabrication limitations, few products 
involving 2D ultrasound transducer arrays are in the 
market.  The large transducer dimensions prohibit the 
applications of ultrasound transducers in devices such as 
cell phones.  In addition, piezo-ceramics inherently have 
high acoustic impedance, which is difficult to match with 
liquid or air media [3].  Nevertheless, thickness-mode 
PZT sensors are the current choices for applications such 
as distance sensors, burglar alarms, medical imaging, and 
nondestructive tests.  

Ultrasound transducers with small form factor, linear 
response, low voltage, and high acoustic pressure are 
desirable for next generation hand-held devices.  In the 
past twenty years, micromachined ultrasonic transducers 
(MUTs) have emerged as the key candidates to replace 
conventional ultrasound transducers with good features in 
acoustic matching, large bandwidth, miniaturization, and 
low-cost by batch fabrication [4].  Plate flexural mode 
operations actuated either capacitively (cMUTs [5]) or 
piezoelectrically (pMUTs [6]) have been developed by 
many researchers. MEMS fabrication technologies can be 
utilized and the mechanical impedance of micromachined 
ultrasonic transducers can be closely matched to that of 
the imaging medium, resulting in improved bandwidth 
and system efficiency. However, cMUTs require high DC 
voltage and small gap with known drawbacks in dielectric 
charging and non-linear plate deflection with applied bias 

[7].  On the other hand, pMUTs operate under low voltage 
bias with possible large diaphragm deformations for high 
acoustic pressure [8], while low electromechanical 
coupling has been a key drawback [9].  Therefore, there 
are various efforts to improve the electromechanical 
coupling of PMUTs by structural designs [10]. 

In order to improve the electromechanical coupling 
and output acoustic pressure per unit input voltage of 
pMUTs, designs such as the “dome-shape” piezoelectric 
actuators have been proposed to convert in-plane strain to 
flexural deflection [11].  In our previous work, PMUTs 
with multiple electrodes have shown enhanced effective 
electromechanical coupling factors, about 211% larger 
than that of the state-of-the-art, single electrode design 
[12]. A two-port pMUT using aluminum nitride (AlN) as 
the piezoelectric material and driven differentially with 
inner and outer electrodes has been validated to double 
the electromechanical coupling efficiency as compared 
with a conventional pMUT structure with 100% higher 
acoustic output per unit input voltage, and 485% larger 
suppression in magnitude of second harmonic mode [13]. 

This work extends the previous theoretical work on 
the “bimorph” pMUTs [14] using dual electrode designs 
with several accomplishments: (1) demonstration of a 
CMOS-compatible process with AlN as the piezoelectric 
layers; and (2) experimentally measured 400% higher 
output deformation as compared with the conventional 
unimorph pMUT by applying a differential drive scheme 
using the two active piezoelectric layers. 

 

Figure 1: 3D schematic drawing showing the cross-
sectional view of a bimorph pMUT with two active AlN 
layers and the dual electrode configuration: inner 
circular shape and outer annular shape electrodes. 

CONCEPT 
Figure 1 is a 3D schematic diagram illustrating the cross-
sectional view of the bimorph pMUT design with dual-
electrodes. The bimorph pMUT consists of two active 
piezoelectric layers, sandwiched between top, bottom, and 
middle electrodes.   

A backside etch-through hole forms the circular 
diaphragm and defines its diameter.  The two middle 

978-1-4799-7955-4/15/$31.00 ©2015 IEEE 928 MEMS 2015, Estoril, PORTUGAL, 18 - 22 January, 2015



electrodes are separated via a small gap as an inner 
circular-shape and outer annular-shape electrodes, which 
are electrically isolated and can be differentially actuated 
with two voltage sources of the same amplitude and 
opposite polarity.  

 

 

 
Figure 2: Cross-sectional views of (a) the conventional 
unimorph pMUT with one active layer; (b) the two-port 
unimorph pMUT with inner and outer electrodes driven 
differentially; and (c) the bimorph pMUT with dual 
electrodes to be driven differentially.  It is expected to 
have 4X larger theoretical bending moment. 

Figure 2a illustrates a conventional unimorph pMUT 
with a single active piezoelectric layer, a structural layer, 
and a top circular electrode [6].  Under an electric field 
between the top and bottom electrodes, an in-plane 
electromechanical strain is induced by the piezoelectric 
d31 effect. The strain profile generates a 1UMp bending 
moment (UMp is defined as an arbitrary unit of bending 
moment per unit input voltage) on the diaphragm and 
makes it move out-of-plane, i.e. in a flexural mode.  A 
dual-electrode unimorph pMUT [13] with an inner 
circular and outer annular electrode is shown in Figure 2b.  
When driven differentially with voltage sources of the 
same magnitude and opposite polarity, the inner (outer) 
portion of the diaphragm will be in contraction while the 
outer (inner) portion will be in expansion to generate a 
2UMp bending moment.  In these single active-layer 
devices, the electromechanical energy transformation 
comes from the single piezoelectric layer and some of the 
energy is used to mechanically deform the inactive 
structural layer.  

 
Figure 3: Process flow of the dual electrode bimorph 
pMUT: (a) depositions of the stop AlN layer, bottom Mo 
electrode, bottom AlN layer, and middle Mo electrode; (b) 
patterning and etching of the middle electrode; (c) 
depositions of the top AlN layer and top Mo electrode; 
opening of contacts to middle and bottom electrodes; (d) 
backside DRIE to release the diaphragm. 

In contrast to the conventional unimorph pMUT 
structure and inspired by well-known cantilever-type 
piezoelectric bimorph structures [15], the bimorph pMUT 
with two active layers is shown in Figure 2c with the 
same polarity and separated by a patterned 
middle/common electrode.  The top and bottom electrodes 
are connected to ground and the middle inner and outer 
electrodes are driven with AC voltages with equal 
magnitude but opposite phase.  As such, in addition to the 
2x displacement produced by the differential dual 
electrode similar to the case in Figure 2b, the two active 
layers provide another 2x larger volumetric displacement 
as compared with the single-layer structure. In other 
words, each layer generates 2UMp on the diaphragm 
while operating in the differential mode and a total of 
4UMp will be imposed on the diaphragm. As such, 4x 
higher responses are expected by replacing the bottom 
structural layer by another active layer and adding the 
dual electrode design. 

FABRICATION 
Process Flow 

Figure 3 shows the CMOS-compatible process flow 
chart for the dual-electrode bimorph pMUT, starting with: 
(a) sputter deposition of 200 nm-thick AlN stop layer, 150 
nm-thick Mo bottom electrode, first 0.95 µm-thick AlN 
active layer, and 150 nm-thick middle Mo electrode; (b) 
patterning middle electrodes by plasma etching using SF6; 
(c) sputter deposition of the second 0.95 µm-thick AlN 
layer and 150 nm-thick top Mo electrode. The via 
openings to both the middle and bottom electrodes are 
subsequently formed using Fluorine-based plasma to etch 
Mo.  Chlorine-based plasma is used to etch AlN, in 
combination with a final wet etching step with MF-319 to 
clear the remaining AlN and ensure minimal damage and 
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maximum selectivity to the Mo electrodes; and finally (d) 
backside DRIE to release the diaphragm. 

 

 
Figure 4: (a) optical top view image and (b) tilted view 
SEM micrograph of a dual electrode bimorph pMUT; (c) 
SEM image of a cleaved device showing the cross-
sectional view; (d) close-up view of the diaphragm in Fig. 
4c showing good crystal alignment of both AlN layers. 

 

 
Figure 5: XRD 2θ scan of first AlN layer stack and the 
whole AlN stack with and without middle electrode. 

Fabrication Results 
Figures 4a and 4b show the respective optical and 

SEM top view images of a fabricated bimorph pMUT 
prototype with dual electrode configuration.  Imprints on 
the top electrodes are apparent on figures, which are 
related to the step height variations by underlying middle 
electrodes.  Figure 4c shows the cross-sectional SEM 
micrograph of a cleaved device illustrating the clamped 
diaphragm.  Figure 4d is a close-up view of the diaphragm 
highlighting its layer composition, and revealing that the 
suspended AlN diaphragm stack has good crystal 
alignment in both active AlN layers.  

The crystalline quality of the two active AlN layers 
has been further investigated using XRD (X-Ray 
Diffractometer), with special focus on the second AlN 
layer sputtered on top of the patterned middle Mo 
electrode as the structure has been exposed to the external 
environment before the deposition of the second AlN 
active layer.  Good crystal orientation of both AlN active 
layers is critical for the bimorph pMUT.  Figure 5 shows 
the XRD 2θ scans for the first sputtered single-AlN layer, 
and the total stack with both AlN layers.  The XRD data 
for the total stack are collected at two different locations, 

the first of which is where the middle Mo electrode is 
sandwiched between the AlN layers, and the second of 
which is where the middle Mo electrode is etched away 
and the two AlN layers are in direct contact.  Good 
crystallinity data of the first AlN layer and the whole 
stack are observed in Figure 5 at the two different scan 
locations.  Although the XRD measurements do not reveal 
explicit information about the quality of the second 
sputtered layer, the crystalline information of the latter 
can be projected by comparing the collected data of the 
first AlN layer to the whole stack. It is observed from 
Figure 5 that the whole stack has a sharper peek, higher 
amplitude, and slightly narrower FWHM in the (002) 
crystalline direction than that of the first AlN layer, which 
indicates that the latter must be as well oriented as the 
first layer.  The FWHM of AlN was measured to be about 
1.7o from the Rocking Curve.   

 

RESULTS AND DISCUSSIONS 
Figure 6 compares the measured, theoretically 

derived, and simulated low frequency center 
displacements of a bimorph pMUT under different driving 
inputs by (a) inner electrode; (b) outer electrode; (c) out-
of-phase drive (differential); and (d) in-phase actuation.  
In all driving methods, both top and bottom electrodes are 
grounded while inner and/or outer middle electrodes are 
actuated.  

The dynamic responses are experimentally measured 
for a pMUT prototype #1 with the aforementioned stack 
compositions and thicknesses with inner circular electrode 
radius of 160 µm, and outer annular electrode radius of 
230 µm using a laser Doppler vibrometer (LDV).  Under 
the drive of the inner electrode, the DC displacement is 
theoretically predicted as 7.49 nm/V and experimentally 
measured as 7.26 nm/V.  Under the outer electrode drive, 
the DC displacement is theoretically predicted as 7.27 
nm/V and experimentally measured as 5.75 nm/V. 
Theoretically, the inner and outer drive should realize 
similar DC displacement per unit input voltage if the 
electrode areas are the same (the inner circular electrode 
radius is 70% of the pMUT diaphragm radius).  The 
discrepancy in the measured values is attributed to the 
backside over etch which results in larger diaphragm than 
the original design. Under the differential drive operation, 
the measured DC displacement is 13.01 nm/V, only 
11.9% lower than the theoretically predicted value of 
14.76 nm/V.  The differential drive mode produced 
roughly 2x larger displacement per unit input voltage 
compared with the result from single electrode actuation. 
Under the in-phase actuation, the DC displacement has a 
negligible value of 0.11 nm/V, validating the theoretical 
expectations and the need of middle electrodes [8]. 

Figure 7 compares the simulated and measured 
frequency responses of two pMUT prototypes. When the 
radius of the pMUT is reduced to 170 µm (prototype #2), 
a 452nm/V center displacement is measured under 
resonance at 344kHz. On the other hand, the measured 
center displacement is 407.4 nm/V under resonance at 
198.9 kHz for prototype #1.  This is 51% lower than the 
simulated value in air medium of 841.7 nm/V but is still 
~4X larger than the reported results of prior unimorph flat 
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AlN pMUTs with similar dimensions and frequency [13]. 
The reduced experimental performance is related to the 
high residual stress (60 MPa tensile), which increases 
material damping. It is noted that the residual stress effect 
is more prominent for pMUTs with larger diaphragms. 

 
Figure 6: Measured, theoretical, and simulated low 
frequency displacements of a bimorph pMUT (measured 
resonant frequency at 206 kHz) using (1) inner electrode, 
(2) outer electrode, (3) differential drive, and (4) non-
differential (in phase) actuation. 

 
Figure 7: Measured and simulated results of two bimorph 
pMUTs actuated by the inner electrode with 230 and 
170µm in radii and resonant frequencies of 198.9 and 
344.5 kHz, respectively. 

Table 1: Resonant displacement and resonant frequency 
of unimorph and bimorph pMUTs. 

 
 

Table 1 compares the performances of previously 
reported unimorph pMUTs [13] with the same frequency 
ranges and bimorph pMUT prototypes.  The table reveals 
that the bimorph pMUT with dual electrodes has superior 
performance because it has higher displacements per input 
voltage at higher resonant frequencies.  The generated 
acoustic pressure is proportional to the combination of 
operation frequency and volumetric displacement.  Thus, 
bimorph pMUTs are expected to generate higher pressure 
at higher frequency for high acoustic power transmission. 
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