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Abstract
Microfabricated ultrasonic sensors have opened new avenues for 
sensor applications from emerging consumer electronics to con-
ventional medical imaging. This work reports design, fabrication, 
and electronic integration of a Piezoelectric Micromachined Ultra-
sonic Transducer (PMUT). PMUT cells have been fabricated by 
suspending a multilayer structure on silicon substrate consisting 
mainly of a passive base layer and an electronically excitable pie-
zoelectric layer. In the reported design, the PMUT uses 1 µm-thick 
PZT as piezoelectric layer with top and bottom electrodes on 
300 nm-thick SiO2  released after etching silicon handle layer of 
about ∼525  µm thickness. Fabricated PMUT devices have been 
characterized using Laser Doppler Vibrometry (LDV) in trans-
mitter and receiver modes. Further, the PMUT has also been inte-
grated with electronics and a single 1  mm diameter PMUT has 
been shown to work as a proximity sensor up to 10 cm distance.
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1 Introduction

Ultrasonic sensors are well known for various 
applications such as Non-destructive Testing, 
ultrasound imaging, and proximity sensing. 
Ultrasonic imaging based applications typically 
use an array of ultrasonic transducers which form 
an electronically steerable beam for scanning an 
area. Since the advent of micro-fabrication tech-
niques for Micro-electro-mechanical Systems, 
development of ultrasonic sensors on silicon 
wafers, which promise to be smaller, Comple-
mentary metaloxide-semiconductor or CMOS 
integrable, and more energy efficient, has been an 

active area of research [Khuri-Yakub et al. 1998;  
Yamashita et al. 2002]. These microscale versions 
of ultrasonic sensors are known as Microma-
chined Ultrasonic Transducers or MUTs and they 
have two prominent variants based on their actu-
ating principles: Capacitive MUTs and Piezoelec-
tric MUTs, also aptly called CMUTs and PMUTs. 
The key component of a MUT is a suspended plate 
or membrane that vibrates in a flexural mode to 
generate sound. Hence, the transducer is directly 
coupled with the fluid medium. Because of the 
small size of the device, the structural dissipation 
becomes very small as compared to acoustic dis-
sipation resulting in highly efficient conversion 
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from electrical energy to acoustic energy. A com-
parison between a typical conventional ultrasonic 
sensor and a micromachined ultrasonic sensor is 
presented in Table 1.

Since the basic principles involved in inte-
gration and operation of conventional ultrasonic 
sensors and micromachined ultrasonic sensors 
are the same, the key challenge involved in the 
development of this technology is realising a sin-
gle cell/element of a MUT, which is being pre-
sented in this paper.

Unlike CMUTs, PMUTs do not require high 
bias voltage and suspended membranes with very 
small gap [Khuri-Yakub et al. 1998]. This makes 
the fabrication process and device integration 
easy. However, development of a reliable piezo-
electric thin film is a major challenge for PMUTs. 
We have used commercially available PZT coated 
wafers for fabrication. PZT is preferred over other 
piezoelectric materials for MEMS applications 
because of its high coupling coefficients.

2 Device architecture

We have used a circular unimorph structure with 
1 mm diameter for the PMUT. The stack of lay-
ers in the PMUT includes 300 nm-thick SiO2 as 
the passive base layer and 1 µm-thick PZT as the 
active piezoelectric layer (Figure 1). The 160 nm-
thick Pt/Ti layer below PZT and the 160  nm 
Au/Cr layer above it are used as the bottom and 
top electrodes for the device, respectively.

On application of alternating voltage across 
the PZT film, the out-of-plane electric field gener-
ates in-plane stresses in the PZT layer. This excess 
stress is not symmetric with respect to the neutral 

plane of the structure, and therefore, it causes a net 
bending moment about the neutral plane. Hence, 
the suspended unimorph or the PMUT vibrates in 
the out-of-plane mode when a sinusoidal voltage 
input is applied across the piezoelectric layer. The 
vibrating unimorph pushes the air to generate an 
ultrasonic signal in the transmitter mode. Con-
versely, when an acoustic signal at the resonance 
frequency impinges on the unimorph, it vibrates 
and because of the piezoelectric effect, a potential 
difference develops across the piezoelectric layer.

The maximum deflection in the diaphragm 
for a given voltage input is generated when the 
ratio of the diameter of the top electrode to that 
of the bottom electrode lies between 0.6–0.9 [Bu 
Minqiang et al. 2003]. In our design, this ratio has 
been kept as 0.8. We have fabricated an array of 
6 × 6 PMUTs on a 1.5 cm × 1.5 cm sample.

3 Fabrication

This section describes the main steps followed for 
fabrication of the PMUTs. The fabrication process 
starts with a commercially available 4 inch wafer 
with 300  nm-thick thermally grown SiO2  layer, 
160  nm sputtered Pt/Ti and 1  µm-thick PZT 
film deposited by sol-gel method (Figure  2-a). 
Pt/Ti layer acts as the bottom electrode for all the 
devices on one wafer piece. For the top electrode, 
10  nm Cr and 150  nm Au layers are coated by 
sputtering and patterned using standard lift-off 
process (Figure 2-c). Backside mask is developed 
by photolithography after alignment of the back-
side photoresist mask with the top-side electrode 
pattern (Figure 2-d). Backside mask is used for 
anisotropic etching of SiO2  using reactive ion 
etching (RIE) with CHF3 chemistry (Figure 2-e). 
The SiO2 pattern thus generated is used as a mask 
for the deep reactive ion etching (DRIE) of Si. 

Table 1. Comparison of conventional and MEMS 
ultrasonic sensors.

Type A conventional 
ultrasonic 
sensor

MEMS 
ultrasonic 
sensor

Diameter Φ = 10 mm Φ = 1 mm
Operating voltage 10–30 V 1–5 V
Frequency 40 kHz 75 kHz
Acoustic output 119 dB 69.6 dB

Picture
Figure 1. Cross-section view of PMUT.
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Fabrication of MEMS devices in any research 
facility usually takes up several runs even if the pro-
cess sequence is already known. Unoptimised 
process parameters and the sensitivity of various 
processes to small changes in these parameters 
usually play truant in the realization of the final 
structure. We have had our own share of these prob-
lems that we resolved one by one. One of the major 
problem is Si grass formation [Dixit and Miano, 
2006]. This problem was observed during the first 
few fabrication runs (Figure 3). Si grass formation 
may be caused by incomplete etching of SiO2 and 
the presence of polymer particles on the mask win-
dow created before the Deep Reactive Ion Etching 
(DRIE) etching step. This problem was resolved 
by increasing etching duration of the RIE step. 
Cross-sectional SEM of the suspended membrane 
shows successful release of the devices without 
any severe damage to the  SiO2 layer (Figure 4). 
Since our devices have been fabricated on 1.5 cm × 
1.5 cm substrate pieces, backside alignment is very 
challenging on standard mask alignment and expo-
sure tool. We had to align the substrate to the mask 
by looking only through one lens and moving the 
substrate sideways multiple times to get the correct 
alignment.

The final devices were glued to a PCB pat-
terned with gold pads. The devices on the wafer 

Figure 2. Steps involved in the fabrication of the 
PMUTs.

An optimized DRIE process is used to vertically 
etch 525 µm of Si, leaving behind 1.62 µm thick 
suspended unimorph structure (Figure 2-f). 
SiO2 layer on the top side of the silicon layer acts 
as an etch stop for the DRIE etching step.

Figure 3. Si Grass formation during DRIE.

Figure 4. Cross-sectional SEM of a suspended PMUT.
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were then connected to the PCB pads using 
Al wires by the ultrasonic wire bonding technique 
(Figure 5).

4 Device characterization

4.1 Vibrational characteristics

The vibrational behaviour of the PMUT has been 
captured using Laser Doppler vibrometry (MSA 
500) (Figure 6). The first resonance of the PMUT 
devices occurs between 72–78  kHz. The varia-
tion in natural frequencies of PMUTs is attributed 
to over-etching of SiO2  and non-perpendicular 
landing of silicon etch on SiO2 at the end of the 
DRIE etch step.

In order to obtain the damping factor and 
the amplitude of vibration, the response has been 
recorded at the center of the PMUT in a 10 kHz 
frequency band around the first resonance at 
different voltages from 0.5 V to 2 V using peak 
hold method (Figure 7).

For the method used, the frequency of the 
input voltage signal was swept very slowly from 
70  kHz–80  kHz in approximately 10  s, while 
recording the peak amplitude in 32 ms time win-
dows during the capture time. The quality factor, 
Q, has been found to be approximately 55, by 
using half power band method on the least square 
fit of the frequency response.

4.2 Transmitter characteristics

In order to establish the transmitter characteristics 
of the PMUT, the deflection at the center of the 
membrane has been plotted for different voltage 
inputs. The linear fit of the experimental data 
shows that the deflection sensitivity of the PMUT 
is approximately 805 nm/V (Figure 8).

Response of strain in a piezoelectric material 
to cyclically varying large electric field beyond 
the coercive field of the material shows a butter-
fly shaped curve (also known as butterfly loop) 
due to combined effect of hysteresis and domain 
switching [Damjanovic et al. 2005].

The slope of the upper arm of the butterfly 
loop is representative of deflection sensitivity of 
the PMUT in static loading condition for small 
voltages. We have captured the butterfly loop 
for the suspended PMUT using a commercial 
piezoelectric coefficient measurement system 
( Figure 9). Using the deflection for static loading 
case, the sensitivity of the transmitter at reso-
nance can be estimated using the following 
equation.

Figure 5. PMUT: Wire Bonding.

Figure 6. Frequency response of the PMUT. The inset 
shows the mode shape at the first peak.

Figure 7. Frequency response of the PMUT for several 
(increasing) values of the input voltage from 0.2 V to 
1.8 V (in 0.2 V increments).
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where J1 is the Bessels function of the first kind, 
ρo is the density of air, C is the velocity of sound 
in air, Uo is the average velocity amplitude of 
the transducer, a is the radius of the transducer, 
k is the wavenumber, and ω is the operating fre-
quency [Kinsler et al. 2000]. We have measured 
the acoustic pressure generated by the PMUT at 
approximately 3.5 cm distance using a wideband 
microphone (B&K 4138). The deflection of the 
transmitter, measured pressure and expected pres-
sure are presented in Table 2 for a PMUT actuated 
at its first resonance.

Using equation (2) we get the pressure out-
put per volt input at 1  meter distance from the 
PMUT as approximately 14.3 mPa/Volt or 57 dB. 
A general purpose ultrasonic sensor (Murata 
MA40S4R/S) can generate 119  dB sound pres-
sure at 30  cm distance when actuated at 10  V. 
For the same conditions the PMUT can generate 
87 dB sound pressure. The relatively small acous-
tic pressure of PMUT is because its area of radia-
tion is approximately 100 times smaller than that 
of the conventional ultrasonic transducer.

4.3 Receiver characteristics

Similar to the transmitter, behaviour of the PMUT 
as a receiver has been studied for deflection sensi-
tivity to acoustic input at resonance.

For these studies, a macro scale ultrasonic 
transmitter was kept at a known distance from the 
receiver and actuated electrically while receiver 
was probed by the LDV laser (Figure 10).

The voltage signal generated by the LDV 
was fed to the transmitter which in response 
generated acoustic output. This acoustic signal 
caused vibrations in the PMUT receiver which 
were captured by the LDV. A scan of the receiver 
membrane showed that it was only the suspended 
membrane area of the receiver die that vibrated 

Figure 8. Centre deflection of a PMUT transmitter in 
response to the input voltage at its first resonance.

Figure 9. Butterfly loop showing d31 measurement on 
a suspended PMUT membrane.
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Table 2. Analytical and experimentally observed 
transmitter pressure.

Deflection 
(µm)

Measured 
Ptx (Pa)

Analytical
Ptx (Pa)

0.934 0.340 0.362
1.750 0.617 0.678
2.345 0.854 0.909
2.945 1.032 1.141
3.717 1.329 1.441
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PMUT cell was generally less than 50 µV. Moreo-
ver, this electrical output was very noisy and sus-
ceptible to electromagnetic radiation noise if an 
unshielded transmitter was brought close to the 
receiver.

In order to sense this small voltage output, 
a charge pre-amplifier circuit was employed 
(Figure 12). A Charge amplifier uses a feedback 
capacitor with an ultralow noise operational 
amplifier. It gives a low impedance voltage out-
put proportional to the charge generated by the 
receiver and scaled by the ratio of the sensor 
capacitance to the feedback capacitance. The 
transmitter and receiver were packaged in metal-
lic blocks in order to avoid electromagnetic noise.

We used a high frequency data acquisition 
system (PCI-6115) supplied by National Instru-
ments and Labview graphical programming inter-
face for complete integration of the PMUT. A 
burst signal with 20 cycles per burst at resonant 
frequency was generated by the DAQ and applied 
across the transmitter to generate acoustic sig-
nal. When received on the receiver, it generated 
charge which was fed to the charge pre-amplifier. 
The pre-amplifier output was then sent back to 
DAQ system, wherein it was filtered in a narrow 
range of the operating frequency and further pro-
cessed to read the delay time between the trans-
mitted burst and the received burst (Figure  13). 
This delay was used to estimate the distance 
between the transmitter and the receiver. With 
this configuration, we were able to use the PMUT 
as a proximity sensor, using a single element as 
transmitter and another element as receiver, for 
up to 10 cm.

Figure 10. Setup for LDV characterization of a PMUT 
as receiver in response to another PMUT acting as 
transmitter.

Figure 11. Centre deflection of a PMUT receiver 
when actuated by acoustic signal generated from a 
PMUT transmitter.

significantly due to the acoustic input from the 
transmitter. The receiver deflection shows a linear 
response against the input acoustic pressure and 
the sensitivity of the deflection at the center of 
the PMUT to the acoustic input is approximately 
11.3 nm/Pa (Figure 11).

5 Electronic integration and proximity 
sensing

It was observed that the voltage output generated 
by a single PMUT cell in response to the acoustic 
input provided by a macro transmitter or another 

Figure 12. Electronic integration and proximity sens-
ing setup.
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Figure 13. Signal processing and distance estimation.

6 Conclusions

We have reported successful fabrication and elec-
tronic integration of a Piezoelectric Microma-
chined Ultrasonic Transducers. The PMUT 
devices show the first resonance peak in 72–78 kHz 
frequency range. Through further characteriza-
tion we have established that the deflection sen-
sitivity of PMUT is approximately 0.8  µm = V 
which corresponds to 57 dB SPL at 1 m distance 
for the device actuated at 1 V. Further, the PMUT 
has been integrated with electronics and used as a 
proximity sensor. Signal conditioning of receiver 
output has been done using a charge amplifier. 
With this setup, we could use a PMUT cell as a 
proximity sensor up to 10 cm distance.
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