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This paper reports a piezoelectric aluminum nitride (AlN) based micro-machined infrasonic hydrophone. We have 

conducted a systematic design study for the hydrophone sensor to meet the stringent requirements of underwater 

applications. The hydrophone sensor was fabricated on a cavity silicon-on-insulator (SOI) substrate using an in-

house CMOS-compatible AlN-on-SOI process platform. A 5x5 arrayed hydrophone sensor was characterized 

thoroughly using an industry-standard hydrophone calibration instrument. The results show that the hydrophone 

achieved a sound sensitivity of -182.5dB ±0.3dB (ref. to 1Vrms/μPa) and anegligibleacceleration sensitivity of only -

196.5dB (ref. to 1Vrms/μg), respectively; a non-linearity of 0.11%; a noise resolution of 57.5dB referenced to 1 

μPa/√Hz within an ultra-low operation bandwidth of 10Hz~100Hz, the highest noise resolution of micro-machined 

hydrophones reported to date, and better than traditional bulky hydrophones in terms of the same application. The 

size of the 5x5 arrayed hydrophone sensor is about 2mmx2mm. 

 
INTRODUCTION 

A hydrophone is the device used for listening or recording underwater sound signals. Hydrophones are one of the 

key components of many underwater acoustic systems such as underwater noise monitoring,1 seabed mapping and 

imaging,2 ocean mammalian and fishery ecosystems study, 3 underwater communications,4 sound navigation and 

ranging (SONAR) system,5 etc. 

Usually a hydrophone must have good low frequency performance from several Hz to several kHz because of large 

transmission loss and short transmission distance of high frequency sound signal in the water.6meanwhile, high 

noise resolution, good linearity, acceleration insensitivity and large dynamic range are also desirable for high 

performance hydrophones. In addition, miniaturization and light weight are very attractive for convenient 

deployment. 

Up to now, most traditional hydrophones in use have been manufactured based on piezoelectric transducers  

which directly convert a sound signal into an electrical signal.6-11 The widely used piezoelectric materials include 

piezoelectric ceramics such as lead zirconatetitanate (PZT) or organic polymers such as polyvinylidene fluoride 

(PVDF) due to their excellent piezoelectric coefficient and relative mature manufacture processes. The outstanding 
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features of the traditional hydrophones are their high sensitivity, high noise resolution, and good low frequency 

characterization (near DC). However, these hydrophones are generally manufactured individually with complicated 

assembly procedures since the manufacturing processes are incompatible with semiconductor batch fabrication. This 

individual manufacturing and assembly scheme directly result in high cost, large size and weight, as well as poor 

uniformity and yield. The large size and weight makes the hydrophones very sensitive to acceleration signals and 

cannot sense the sound properly, and also makes the operation depth controlling difficult.  

In the past decade, AlN based MEMS (Micro-electro-mechanical systems) devices such as microphone, 

12piezoelectric micromachined ultrasonic transducer (pMUT), 13-16inertial sensors 17-19 and RF resonator devices 20-

24have been already drawing more and more research and development attention. This is mainly attributed to the 

outstanding feature of AlN material, i.e. semiconductor batch fabrication process compatible. Meanwhile, although 

the piezo coefficient of AlN is much lower than PZT, the ratio between its piezoelectric coefficient and dielectric 

constant, the figure of merit (FOM) are better than PZT, which makes it very suitable to piezoelectric sensors. For 

example, our in-house sputtered AlN thin film are with d31=2.51pC/N, and relative dielectric constant 10.05, which 

gives the FOM as 0.25; a typical PZT thin film are withd31=11pC/N, and relative dielectric constant 22025, 26, which 

gives FOM as 0.05. Hence, the FOM of AlN is 5 times higher than PZT.  In addition, the thin film quality of 

sputtered or epitaxial AlN is much better compared with classical sol-gel PZT manufacture process in terms of 

crystal defects, enable the lower internal dielectric loss and higher signal to noise ratio.  

This paper presents the design, fabrication and characterization of a piezoelectric AlN-based micro-machined 

infrasonic hydrophone sensor. A systematic design study was conducted in order to get a suitable sensing structure 

and the best overall performance. This hydrophone was fabricated using an in-house CMOS- compatible AlN-on-

SOI process platform. A 5x5 arrayed hydrophone sensor was fully characterized using an industry-standard 

hydrophone calibration instrument and the corresponding results are presented. 

DESIGN 

Fig.1 (a) and (b) show the perspective of a 5x5 arrayed hydrophone device and cross-sectional view of one cell of 

the hydrophone device, respectively. As shown in Fig. 1(b), the hydrophone consists of a sensing membrane over a 

vacuum-sealed backside cavity sited with pillars.  
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The membrane is a multi-layer composite structure and comprises of a silicon support layer and a Mo/AlN/Mo 

piezoelectric stack. The thickness ratio of each layer must be carefully designed so that the neutral axis/plane 

position of the composite structure lies in the silicon support layer. Hence, when an incident sound signal is applied 

on the membrane, equal positive and negative electrical charges will be induced on the top and bottom electrodes 

due to the piezoelectric effect of AlN material to enable differential sensing. The neutral axis/plane position of the 

multi-layer composite structure can be expressed as: 24 
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(1) 

Where h is the distance of neutral axis/plane to the bottom surface of multi-layer structure, Ei, di and hi are the 

Young’s modulus, the diameter and thickness along z-direction of the ith layer of material, respectively, while N is 

the number of constituting layers of the composite structure.  

The membrane of the hydrophone was also carefully designed to have a high-enough equivalent spring constant 

(stiffness) to operate properly against underwater hydrostatic pressure, to have a high linearity over a large dynamic 

pressure range and also to have a flat response over a wide bandwidth; meanwhile, the membrane needs have a low-

enough equivalent spring constant to have adequate sensitivity and noise resolution. The spring constant of the 

membrane can be derived from the formula of resonant frequency of the fundamental mode, which can be expressed 

as: 
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Where f0 is the fundamental modal frequency; k and m are the effective spring constant and mass of the membrane, 

respectively; t and d is the thickness and diameter of the membrane, respectively;  E, ρ and ν are the equivalent 

Young’s modulus, the equivalent density and Poisson ratio of the membrane, whose formula have been reported in 

27, 28. In this design, the designed fundamental modal frequency is about 1.079MHz. 
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(a)                                                               (b) 

FIG.1. MEMS hydrophone, (a) perspective view of a 5x5 arrayed design, (b) cross-sectional view of a single-element. 
 

Generally, the hydrophone will respond to both sound and acceleration, because both signals will induce stress/strain 

upon applied on the membrane. If the acceleration sensitivity becomes comparable to sound sensitivity, both signals 

will couple with each other resulting in measurement inaccuracies. Hence, an ideal hydrophone must be sensitive to 

sound but insensitive to acceleration. To realize this objective, an arrayed membrane configuration was adopted in 

our design. With this configuration, the hydrophone will have a larger surface area for sound sensing improvement 

since sound signal is a surface loading, but a lower mass for acceleration sensing inhibition since acceleration signal 

is a volume loading. 29Fig. 2 shows the principle of the acceleration insensitive design. Fig.2 (a) shows the 5x5 

arrayed membrane design, and the total membrane surface area is 2mmx2mm. With above mentioned fundamental 

mode frequency, the silicon support layer thickness is only 5um. As a comparison, Fig.2 (b) shows a single 

membrane design with the same surface area and resonant frequency to keep the same acoustic performance, the 

silicon support layer thickness is about 130um, which is about 26 times to the arrayed design. Hence, the effective 

mass of the membrane and acceleration sensitivity in Fig.2 (b) will be much larger than that of the membrane in 

Fig.2 (a) even though the AlN stacks are identical. 

 

(a)                                                           (b) 
FIG.2. the principle of the acceleration insensitive design, (a) 5x5 arrayed membrane design with small effective mass, hence 
small acceleration sensitivity; (b), single thick membrane with large effective mass, hence large acceleration sensitivity.  
 
The cavity with pillars was carefully designed and served three purposes: 1) the gap between the pillar tips and 

membrane backside must be large enough so that the hydrophone can operate freely up to its maximum operating 

1 2 3 4 5

5µm Si 
support 
layer

Anchor

AlN stack

Si support 
layer

Anchor

130µm

http://dx.doi.org/10.1063/1.4959078


5 
 

depth. Meanwhile, this gap must be small enough such that the sensing membrane will touch the pillar structure to 

prevent the membrane from breaking once the hydrophone goes beyond operation depth accidentally. 2) This cavity 

configuration enables a large cavity depth/volume with unchanged gap between pillar tips to the membrane 

backside. Hence, any initial membrane deflection induced by hydrostatic pressure will not cause a significant air 

damping increase because the corresponding volume change of the cavity is negligible; based on which low 

mechanical noise and high noise resolution can be achieved, and will not increase with the operating depth unlike. 7  

3) Once the membrane touches the pillar structure in case that the device goes beyond the maximum operating 

depth, there will be no stiction issue due to high membrane stiffness and very small contact area between the pillars 

and the membrane. 4) Each pillar structure was designed as circular shape for better process uniformity control and 

avoiding potential pre-stress focusing. The pillars are deployed as circular configuration because the membrane will 

deform radially based on its fundamental mode shape under pressure30. 

FABRICATION 

The hydrophone was fabricated based on an in-house CMOS-compatible AlN-on-SOI platform. 24, 31Fig.3 shows the 

SEM images of the fabricated hydrophone sensor. Fig.3 (a) is an arrayed 5x5 device, whose size is approximately 

2mmx2mm, similar to 7. Fig. 3(b) shows a local zoom-in of Fig. 4(a) i.e. the electrical interconnection scheme 

between different elements, which further shows that electrodes of all the elements were connected in parallel.  

     
 

FIG.3. Fabricated MEMS hydrophones, (a) SEM image of an arrayed 5x5 device, (b) Electrical interconnections between 
different elements. 

 

EXPERIMENTIAL RESULTS 

The frequency response of the MEMS hydrophone sensor was measured using a Laser Doppler Vibrometer (LDV, 

Polytech MSA500). The testing was conducted by applying a 10Vpp pseudo random signal and sweeping the 
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frequency from DC to 2MHz with 3200 points. Fig. 4 shows the measured mode shape and the frequency response 

of the fundamental mode. The measured natural resonant frequency of the hydrophone sensor was around 1.086 

MHz, only 0.6% away relative to the simulation result; the related 3dB quality factor (Q) is about 482. In addition, 

the electrical parameters of the devices were also measured using HP LCR meter 4284, which shows the static 

capacitance and dielectric loss resistance are 85pF and 380MΩ at 100Hz. 

 
(a) (b) 

FIG.4. frequency response measurement results using a Polytech MSA500 laser Doppler vibrometer, (a) the mode shape; (b) the 
frequency response shows the resonant frequency is about 1.086MHz. 
 
The acoustic characterization of the hydrophone sensor was conducted using an industry-standard hydrophone 

verification unit. Fig.5 (a) illustrates the related measurement set-up. The 5x5 arrayed hydrophone sensor was 

assembled on a DIP (Dual In-line Package) carrier for characterization, and a conventional bulky hydrophone for the 

same application was attached as a reference for performance comparison. Fig.5 (b) shows the measured frequency 

response results, which illustrates that our MEMS hydrophone sensor achieved a flat sound sensitivity of -

182.5±0.3dB (Referenced to 1Vrms/μPa); while the corresponding values of the reference hydrophone is -

194.5±0.6dB over the operation bandwidth 10Hz~100Hz. 

 
(a)                                                           (b) 

Fig.5Hydrophone acoustic measurement, (a) measurement set-up, a 5x5 hydrophone was put together with a reference 
hydrophone for performance comparison; (b) Measured hydrophone frequency response, MEMS hydrophone has a flat response 
with sensitivity of -182.5±0.3dB compared to that of the reference hydrophone -194.5±0.6dB over the operation bandwidth 
10~100Hz. 
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Fig.6 shows the measured noise performance, the MEMS hydrophone shows an output-referred noise floor of less 

than -125dBV/√Hz and hence a noise resolution greater than 57.5dB (Referred to 1μPa/√Hz) according to the 

formula: 

ySensitivit

floorNoise
resolutionNoise                                                               (3) 

 
The corresponding value of the reference hydrophone is -110dBV/√Hz and 84.5dB over the operation bandwidth 

10Hz~100Hz.  

 
FIG.6. Measured noise performance, MEMS hydrophone has a noise floor of about -125 dBV/√Hz and noise resolution of 
57.5dB compared to the referenced hydrophone about -110 dBV/√Hz and 84.5dB over 10~100Hz. MEMS hydrophone has a 
more stable and much better noise performance.  
 
Fig.7 (a) and (b) show the time domain output voltage signal of the hydrophone for single tone sound signals of 

10Hz at 310Pa and 70Hz at 340Pa respectively, which were converted from current to voltage using a simple I-V 

converter circuit. As shown in Fig.7, the MEMS hydrophone device detected the sound signal down to an infrasonic 

range 10Hz. It should be noted that 10Hz is the lowest frequency that the measurement instrument can generate, but 

not the lower limit that the hydrophone sensor can detect. In addition, both MEMS and reference hydrophones show 

a much cleaner output than the recently reported Micro-PiGoFET hydrophone. 8 

 Fig.8 shows the output voltage measurement result obtained by sweeping the sound pressure up to 640Pa at 26Hz. 

The corresponding nonlinearity can be calculated based on the formula below: 

Non-linearity=Max Deviation from linearity fitting /Full-Scale Voltage Output × 100%.                (4) 

This shows the maximum non-linearity to be about 0.11%. This is much better than 8 in the same frequency range 

and also the best non-linearity reported for micro-machined hydrophone.  
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(a) (b) 

FIG.7. Time domain responses at different incident sound frequency and pressure show very clean output signal, (a) 10Hz and 
310Pa, (b) 70Hz and 340Pa.  
 

 
FIG.8. Non-linearity measurement obtained by sweeping the sound pressure up to 640Pa at 26Hz, which shows the maximum 
mechanical non-linearity to be about 0.11%. Here the red circle is the measured data, and red dash line is the linear fitted results. 
 
The acceleration sensitivity measurements were conducted using a B&K shaker system, which has a built-in 

function generator. The input acceleration signal was monitored by a reference commercial accelerometer 

(DeltaTron® 45119-002), which was mounted on the vibration panel together with the hydrophone under test. Fig.9 

shows the input acceleration profile and the corresponding hydrophone output voltage. The measured acceleration 

sensitivity was around -196dB referred to 1Vrms/μg, about 14dB lower than the sound sensitivity. 

As a summary, Table I lists the measured overall hydrophone performance parameters. 
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FIG.9. Acceleration effect measurement results conducted based on a shaker system, which shows the acceleration sensitivity is 
around -196dB ref. to 1Vrms/µg. 
 

TABLE I. Measured MEMS hydrophone performance. 

Performance Parameters Value 

Resonant frequency 1.086MHz 

Low frequency capacitance 85pF 

Dielectric loss resistance  ~380MΩ at 100Hz 
Sound Sensitivity 
(refer to 1V/μPa) 

-182±0.3dB 

Acceleration sensitivity (refer to 1V/ μg) -196dB 

Operation Bandwidth 10Hz~100Hz 

Noise resolution (refer to 1μPa/√Hz) 57.5dB 

Non-linearity 0.11% up to 640Pa 

Size ~2mmx2mm 

 

CONCLUSION 

A piezoelectric AlN-based micro-machined hydrophone was reported. A systematic design study was conducted to 

maximize sound sensitivity, noise resolution and robustness, meanwhile minimize acceleration sensitivity and 

nonlinearity. The MEMS hydrophone was fabricated based on in-house CMOS-compatible AlN-on-SOI process 

platform. The 5x5 arrayed MEMS hydrophone was characterized in detail and achieved a sound sensitivity of -

182.5dB±0.3dB (ref. to 1Vrms/μPa) and a noise resolution 57.5dB referenced to 1 μPa/√Hz, a non-linearity of 

0.11% and an acceleration sensitivity around -196dB over the bandwidth 10Hz~100Hz. 
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