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Abstract

This paper reports a high performance co-oscillating electrochemical vector hydrophone based on integrated
microelectrodes with microgrooves. Through theoretical and simulation analysis, the influence of key parameters such
as the spacing between anode and cathode, depth of microgrooves and the distribution of vias on the performance
of the hydrophone was determined. By using the new microgroove structures, micron-scale anode and cathode
spacing was realized and effective cathode areas were greatly enlarged and eventually increased the sensitivities of
the hydrophones. Furthermore, a force-balanced negative feedback system was designed to expand the effective
working band of the vector hydrophone. The characterization results indicated that the device had ~2 times higher
original sensitivities and wider -3dB-bandwidth than that of existing devices. The above results show that the vector
hydrophone developed in this work has a wide application scenarios in the field of underwater sound detections.

Introduction

Vector hydrophones are essential transducers in
underwater acoustic detection systems, widely used in
marine research, resource development, and maritime
military operations'. In particular, vector hydrophones
offer a significant advantage in measuring the velocity and
acceleration of sound vector field. This capability enhan-
ces their directional sensitivity and spatial resolution,
which are critical for accurately detecting complex
underwater soundscapes®.

The typical structure of a vector hydrophone is co-
oscillating design, which is equipped with a vibration sen-
sor to achieve synchronous vibration in response to
acoustic signals. This design offers the advantages of small
size and light weight’. So far, many efforts have been
devoted to developing high-performance co-oscillating
vector hydrophones based on various sensing mechanisms,
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such as piezoresistive™ ~, piezoelectric’™", capacitive

and electrochemical effects. Among various devices, elec-
trochemical co-oscillating vector hydrophone, utilizing
electrolyte as liquid inertial mass block for vibration sen-
sors, show great advantage of high sensitivity, wide fre-
quency response and low mechanical noise, which is
promising in underwater acoustic monitoring'>. More
importantly, since the electrochemical reaction is more
sufficient at low frequency, electrochemical co-oscillating
vector hydrophone can effectively monitor very low-
frequency underwater acoustic signals below 20 Hz, offer-
ing excellent low-frequency performance compared to
devices based on the other three principles'?.
Co-oscillating electrochemical vector hydrophone is
mainly composed of electrolyte solution and sensitive
microelectrodes. The sensitive microelectrode is crucial to
the noise suppression and frequency response of the
electrochemical vector hydrophone'®. Since Zhong et al.
first employed MEMS electrochemical vibration sensor as
the core vibrator of co-oscillating vector hydrophone'?,
various sensitive microelectrode structures, such as
laminated electrodes structure, S-type electrodes struc-
ture and so on, had been explored to improve the
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performance of electrochemical vibration sensor'® >’

However, these microelectrode structures have limited
effectiveness in improving the sensitivity of co-oscillating
electrochemical vector hydrophones due to uncontrol-
lable anode and cathode spacing and limited cathode area.
Additionally, their high cutoff frequency is low, which
restricts their ability to detect broadband underwater
acoustic signals in low frequency band.

In this paper, we built the model through theoretical
analysis and numerical simulation. The influence of key
electrochemical microelectrodes parameters: spacing
between anode and cathode, depth of microgrooves, via
spacing and via diameter on the sensitivity was analyzed,
and the key parameters of the microelectrodes were
obtained. A novel micro-electrodes chip, utilizing micro-
grooves, was fabricated to achieve micron-scale anode and
cathode spacing and lager effective cathode, significantly
enhancing original peak sensitivity to -174.87 dB(REF
0dB=1 V/uPa). To expand the bandwidth, a negative
feedback system was introduced into the electrochemical
vector hydrophone for the first time. As a result, the
electrochemical vector hydrophone achieved a wider 3 dB
bandwidth of 1-450 Hz, with sensitivity after negative
feedback remaining around -183 dB(REF 0 dB=1 V/uPa).
The above results show that the vector hydrophone pro-
posed in this paper has a wide application scenario in the
field of underwater sound.

Materials and methods
Working mechanisms and structures

Figure la shows the structural diagram of the co-
oscillating electrochemical vector hydrophone, which
mainly consists of a MEMS electrochemical vibration
sensor and feedback system enclosed in a watertight and
pressure-resistant package. The electrochemical vibration
sensor integrates micro-electrodes based on deep micro-
grooves and an electrolyte liquid system of iodine and
potassium iodide.

Figure 1b shows the sensitivity principle of the co-
oscillating electrochemical vector hydrophone, where
redox reaction pairs 3/~ — 2e” — I3 and I; +2e~ — 31~
occur on the anode and cathode of the micro-electrodes
respectively. When there is no disturbance of external
sound field, the ion concentration gradient between anode
and cathode tends to be stable. When the external sound
field is applied to the co-oscillating electrochemical vector
hydrophone, the hydrophone will vibrate at the sound
particle vibration velocity, causing convective movement
of the electrolyte. This movement alters the ion con-
centration gradient between the anode and cathode. The
concentration gradients of both anode-cathode pairs
change equally but in opposite directions, resulting in
opposite output current changes from the two cathodes.
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The output current difference between the two cathodes
is calculated and converted into a voltage, and finally an
output voltage related to the external sound particle
vibration velocity is obtained. The difference in output
current between the two cathodes is then calculated and
converted into a voltage, resulting in an output voltage
that is related to the external sound particle vibration
velocity.

The MEMS micro-electrodes proposed in this paper
integrate four electrodes (anode-cathode-cathode-anode)
on a single silicon chip, as shown in Fig. lc. Deep
microgrooves are used to isolate the anode and cathode,
with the channel width precisely controlled at the micron
level, resulting in an improvement in original sensitivity.

Meanwhile, as the original 3 dB bandwidth of MEMS
electrochemical vector hydrophones is relatively narrow.
Negative feedback is commonly employed to expand the
bandwidth, but this approach will sacrifice some sensi-
tivity. This paper presents a force-balancing negative
feedback system based on a coil and magnet, as illustrated
in Fig. 1la. The feedback voltage (U, is applied to the
feedback coil (with length L,,; and resistance R.,;), gen-
erating a current (/). The magnetic field (B) of the feed-
back magnet interacts with the energized coil, producing
an Ampere force (Fy, which serves as the feedback force.

Theoretical and simulation model analysis

More specifically, the energy exchange process of the co-
oscillating electrochemical vector hydrophone can be
divided into three processes: acoustic-to-vibration con-
version, vibration pickup, and electrochemical-mechanical
conversion'”.

In the process of acoustic-vibration conversion, the
sound particle vibration velocity V; is converted into the
overall vibration velocity V of the hydrophone. This paper
proposes a cylindrical hydrophone. When the size of the
cylinder is much smaller than the wavelength (ka«l,
where k is the wave number and a is the maximum size of
the cylinder), the Vj, V and their phase difference  meet
the following relation®":

Vi 2p
Vo p+py

6—-0 (1)

where po is the density of water and p is the overall
average density of hydrophone. When the density of
hydrophone and water are consistent, it can realize the
lossless and phase-shift-free conversion from sound
particle vibration velocity V, to the vibration velocity V'
of the vector hydrophone.

The vibration pickup process describes the conversion
process from the overall vibration velocity V of the
hydrophone to the flow velocity v of the electrolyte near
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Fig. 1 Structure and working principle of the co-oscillating electrochemical vector hydrophone based on integrated microelectrodes with
microgrooves. a Schematic of the developed co-oscillating electrochemical vector hydrophone b Sensitive mechanism of sound particle vibration
velocity € Schematic of the integrated microelectrodes based on microgroove
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the micro-electrodes. It is a second-order spring-mass-
damping system, whose transfer function can be expres-
sed as*

v(w) w?

V(w)’ - \/(Wz TR+ R (2)

Where wy is the natural frequency of the system and R, is
the equivalent flow resistance of the system, which has the
following relationship with the number of vias # and the
radius of vias r, according to Poiseuille law**:

1
Re~—; 3)

nr}

It can be seen that the above transfer function repre-
sents a high-pass model, where the low-frequency cutoff
increases with the flow resistance R, increasing.

The electrochemical-mechanical conversion process
describes the conversion process of the fluid velocity
v=v,sin(2mnfyt + f3) of the electrolyte near the microelec-
trodes to the differential current I of the two cathodes of
the micro-electrodes. The output cathode current I can be
expressed in terms of Faraday’s law:

I:qF/ Jemds (4)

Where g is the number of electrons exchanged in the
cathode reaction, F is the Faraday constant, s is the
effective electrode area of the cathode, m is the normal
vector of the cathode surface and J is the reactive ion flux.

J can be obtained from the Nernst-Plank equation:
zF
= —-DVC ——DCV 5
] C RT CVgp + Cv (5)

Where v is the flow velocity of the electrolyte near the
microelectrodes, C is the reactive ion concentration, z is
the number of charges carried by the ion, R is the gas
constant, T is the absolute temperature, ¢ is the electric
potential, and D is the diffusion coefficient. It can be seen
from formula (5) that the flux of reactive ions J is
composed of three parts: diffusion, electromigration and
convection. When there’s no acoustic signal, the J is
mainly composed of diffusion and electromigration. For
the two cathodes symmetrically distributed in the
microelectrode, their effective electrode areas and the
normal vector on the cathode surface are same. Conse-
quently, / is also equal, resulting in zero differential
cathode current. When the vector hydrophone detects a
sound wave, convection occurs near the microelectrode,
dominating the reactive ion flux J. The analytical solution
is obtained by determining the electrolyte flow velocity
near the microelectrodes v and the reactive ion concen-
tration C. After simplified calculation of C and v, the final
cathode differential output current can be expressed as*

_gFs
- 2af,L

va sin(2nf o + ) (6)

Where L is the spacing between anode and cathode. From
formula (6), it can be seen that the output cathode current
increases with the increase of cathode area s and the
decrease of anode and cathode spacing L. As the
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Fig. 2 Numerical simulations of the co-oscillating electrochemical vector hydrophone based on integrated microelectrodes with
microgrooves. a The simulation model. b-e Influence of the spacing between anode and cathode, microgrooves, via spacing and via diameter on
overall transfer function respectively
|\

frequency increases, the output current decreases. Thus
the electrochemical-mechanical conversion process indi-
cates a low-pass characteristic and in summary, the
overall transfer function presents a band-pass.

Based on the above model, the influence of key para-
meters on the performance of vector hydrophone was
studied through numerical simulation. Specifically, solid
mechanics and laminar flow multiphysics fields are used
for the vibration pickup process, while laminar flow and
tertiary current distribution multiphysics fields are
applied in the electrochemical-mechanical conversion
process. The established specific models are shown in Fig.
2(a), where the influence of key parameters, including
spacing between anode and cathode, the depth of
microgroove, via spacing and via diameter on the output
amplitude was explored.

Figure 2b shows the effect of the spacing between anode
and cathode (the width of microgrooves) on the over-all
transfer function. It can be seen that the output indicates
a band-pass characteristic. At frequencies above 1 Hz, the
output amplitude increases significantly as the spacing
between the cathode and anode reduces. When the spa-
cing is reduced to below 4 pm, further improvement is
negligible, because the electrochemical reaction rate
between the anode and cathode has reached saturation.
Therefore, micron-scale anode and cathode spacing is
necessary for high sensitivity. Meanwhile, the influence of
microgrooves on the performance of the hydrophone was

investigated, as shown in Fig. 2c. The depths of the
microgrooves at the anode-cathode spacing are 0, 10 100
and 200 um, respectively. It can be seen that the sensi-
tivity of the hydrophone is significantly improved by set-
ting microgrooves between the anode and cathode. But as
the microgrooves get deeper, the sensitivity of hydro-
phone has almost no change, which indicates that micro-
controlling the anode-cathode spacing by microgrooves
will not affect the dynamic performance of the hydro-
phone. This is because microgrooves introduce additional
cathodes in its side walls, resulting in more reactive ion
flux, as shown in Figure S1. However, due to the inability
of the deeper regions of the microgrooves to generate
convective disturbance of the electrolyte, deeper micro-
grooves do not further enhance sensitivity. From the
above simulation results, the design of the microgroove
structure reduces the anode-cathode spacing on one hand
and increases the effective cathode area on the other
hand, serving as an effective method to enhance
sensitivity.

Figure 2d and e shows the influence of the via diameter
and via spacing on hydrophone sensitivity, respectively.
The results indicate that a smaller via diameter enhances
high-frequency sensitivity and expands the bandwidth,
but reduces peak sensitivity. The via spacing primarily
affects both peak sensitivity and bandwidth, with smaller
spacings leading to higher peak sensitivity but a narrower
bandwidth. This is because a smaller diameter increases
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Fig. 3 Fabrication of the integrated microelectrodes with microgrooves. The MEMS process flow chart, side SEM image, optical photograph and
overall view of the proposed integrated microelectrodes are shown in (a-d) respectively

flow resistance and the cathode area, leading to the
turning point of the vibration pickup process moving to
higher frequency and the overall improvement of the
output of the electrochemical-mechanical conversion
process. While small spacing decreases flow resistance
and increases the cathode area, leading to the turning
point of the vibration pickup process moving to lower
frequency and the overall improvement of the output of
the electrochemical-mechanical conversion process,as
shown in Fig. S2. Therefore, the anode-cathode spacing,
via diameter, and via spacing are critical for improving the
sensitivity and bandwidth of the hydrophone and should
be considered in the design of the microelectrode
structure.

Design and fabrication of the microelectrodes
Based on the above theoretical simulation analysis, the
key parameters for anode-cathode spacing, via diameter,
and via spacing are determined. An electrochemical
microelectrode chip is then fabricated using the MEMS
process. The fabrication steps are shown in Fig. 3a.
1. The vias and microgrooves were patterned by using
lithography on the front side of the double-polished
Si wafer with a thickness of 510 pm. The width of
the microgrooves, corresponding to anode-cathode
spacing, is 4 um. The vias diameter is 60 um, and the
vias spacing is 30 pm, 40 um, 50 pm and 60 um,
respectively.

2. Deep reactive ion etching (DRIE) technology is used
to achieve deep etching of vias and microgrooves on
the front side of the wafer. Since the via diameter
is 60um, much larger than the 4-um-wide
microgrooves, owing to the Aspect Ratio
Dependent Etching (ARDE), the vias is etched to a
depth of 255 um, while the microgrooves etching is
stopped at 100 pm.

3. On the back side of wafer, the vias and microgrooves
were prepared by using lithography and DRIE
process, with the same size and mirroring position
that of the front side. The etching depth of vias on
the bake side is 255 um, indicating that the vias have
been fully etched. Furthermore, similarly as the front
side, the etching of microgrooves is stopped at the
depth of 100 pum.

4. A 1-pm thick SiO, insulating layer is grown across
the entire wafer through the thermal oxidation
process.

5. Two pairs of electrodes were defined using a hard
mask, and Ti/Pt metal layers (30/250 nm) were
deposited on the front and back sides of the wafer
using a magnetron sputtering process (taking
advantage of the directionality of sputtering
process) to form cathode and anode electrodes.

Figure 3b shows a side SEM image of the microelec-
trodes chip, where the vias are fully etched and the
microgroove depth is approximately 100 pm. Figure 3c



Zhang et al. Microsystems & Nanoengineering (2025)11:215

shows an optical photograph of the microelectrodes,
where microgrooves surround the vias, and the anode and
cathode are separated evenly by the microgrooves. The
microgroove design not only reduces the spacing between
the cathode and anode to improve the efficiency of elec-
trochemical reaction, but also significantly reduces man-

ufacturing  complexity = compared to  previous
microelectrodes'®2°,
Result

In order to expand the pass band, an additional force-
balancing negative feedback process was introduced,
whose whole closed-loop transfer function block diagram
is shown in Fig. S2. The circuit system mainly includes
signal conditioning circuit part and feedback circuit part.
The conditioning circuit is used to implement transre-
sistance and difference operations. Feedback circuit is
used to convert the feedback acceleration signal to speed
signal and to control the feedback strength. By adjusting
the resistance r, the overall closed-loop transfer function
can exhibit a flat passband. As r increases, the feedback
strength and passband width also increase, but sensitivity
is sacrificed accordingly.

The microelectrode and feedback system were suc-
cessfully encapsulated into an electrochemical vibration
sensor and placed within a protective shell. The sensor
was then sealed with polyurethane and assembled into a
co-oscillation MEMS electrochemical vector hydro-
phone., as shown in Fig. 4a. The encapsulated hydrophone
has a cylindrical shape, with a diameter of 25 mm and a
height of 60 mm. To investigate the performance of the
hydrophone, a custom-designed test platform was built,
including a standard vibration table and standing-wave
tube, as shown in Fig. 4a. More specifically, the sensitivity
curve of 20-500 Hz was calibrated in the standing-wave
tube at a depth of 20 cm with a standard hydrophone to
calculate the sound particle vibration velocity. Since the
standing-wave tube cannot emit low frequency acoustic
standing-wave below 20 Hz, using vibration table to cali-
brate the sensitivity curve of 0.7Hz—500Hz. The direc-
tivity curve was calibrated in standing-wave tube.

Figure 4b shows the sensitivity curves of the hydro-
phone with different design of via spacing of 30, 40, 50,
and 60 pm. It can be seen that the larger the via spacing,
the lower the sensitivity of the hydrophone, which mat-
ches well with the theoretical simulation in Fig. 3d. The
device with a 30-pm via spacing exhibits a higher peak
sensitivity of -174.87 dB (REF 0dB=1 V/uPa)at 30 Hz.
Figure S3 shows the sensitivity of three hydrophones with
a spacing of 40 um. The three curves nearly overlap,
indicating that the electrochemical hydrophone exhibits
excellent consistency.

Figure 4c is a comparison of the sensitivity and band-
width before and after the negative feedback system is
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applied. The bandwidth was extended through the nega-
tive feedback system from 20-100 Hz to 1-450 Hz, and
the sensitivity of the hydrophone remained at around -183
dB (REF 0dB=1 V/pPa). Meanwhile, the sensitivity
results tested in the standing-wave tube are consistent
with the sensitivity results tested on the vibration table.

The directivity curve of the vector hydrophone were
measured at the frequency of 70 Hz, as shown in Fig. 4d.
The test results show that the novel electrochemical
vector hydrophone possesses directional pat tern in the
form of “8” shape, and the the depth of the concave point
reaches —40.6 dB. The “8” shaped directivity curve is
smooth, and the maximum non-uniformity of the axial
sensitivity is 1.9 dB.

Figure 4e shows the noise level of proposed vector
hydrophone, which is approximately near the shallow sea
self-noise level in ocean state 0 at low frequency, with
78.658 dB compared with ocean state 0 self-noise level
77.9 dB*! at 50 Hz, and is strictly below the shallow sea
state 1 noise within the frequency range of 4—-140 Hz.

Stability and reliability test under harsh underwater
conditions was conducted by applying a pressure of 2
Mpa (Pressure at a water depth of 200 meters) to the
vector hydrophone for 30 minutes through a pressure
tank and immersing the vector hydrophone in simulated
seawater (salinity 30%, pH = 8.5, containing NaCl and
Na,CO3). Post-test inspection confirmed no structural
deformation. Subsequent functional testing validated its
working performance. The vector hydrophone was sub-
jected to excitation signals of 2mm/s at 10Hz and
100 Hz. The device maintained undistorted time-domain
signal output and exhibited distinct frequency peaks at
10 Hz and 100 Hz in the frequency domain, as illustrated
in Fig. 4f and g. The above results indicate that the
described vector hydrophone operates effectively under
harsh underwater environments at depths up to 200
meters.

Table 1 compares the original sensitivity of different
electrochemical vibration sensor of the vector hydro-
phone. It shows that our device has higher sensitivity over
the entire tested frequency band. Most prominently, the
peak sensitivity has been improved by about two times
compared to the current best level (—174.87dB wvs.
—180.30 dB REF 0 dB=1V/uPa). This boost is because our
microelectrodes have smaller anode-cathode spacing and
larger effective cathode area with the design of micro-
grooves, enhancing the electrochemical reaction capacity.

Table 2 compares this work with prominent vector
hydrophones. It shows that our device exhibits high sen-
sitivity of -183dB (REF 0 dB=1V/uPa) and a wider 3 dB
bandwidth of 1-450 Hz compared to the existing co-
vibration electrochemical vector hydrophone and the
increase of sensitivity at higher frequency is conducive to
the improvement of high cutoff frequency after feedback.
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Table 1 Comparison of the original sensitivity of different electrochemical vector hydrophones at different frequency

Device Sensitivity@1 Hz Peak sensitivity Sensitivity@200 Hz

This study —197.73dB (194.31 V/(m/s)) —174.87 dB@30 Hz (2700.85 V/(m/s)) —188.15dB (585.46 V/(m/s))
A. Zhong'® —214dB (30 V/(m/s)) —188.86 dB@80 Hz (563.44 V/(m/s)) —193dB (335 V/(m/s))

L. Hu? —206dB (75 V/(m/s)) —180.30 dB@90 Hz (144544 V/(m/s)) —190dB (473 V/(m/s))

dB REF 0dB=1 V/uPa;
Following is the equivalent vibration velocity sensitivity of the core vibration sensor.
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Table 2 Comparison of the final characteristic of different vector hydrophones

Device Sensitivity@10 Hz Sensitivity@200 Hz —3dB bandwidth
This study —183.5dB —183.5dB 1-450 Hz
Electrochemical® —187dB —193dB 0.5-150 Hz
Electrochemical” —180dB —190dB 0.8-100 Hz
Piezoresistive” / —190dB /

Piezoelectric’ —230dB —207dB /

Capacitive'® / —1945dB /

dB REF 0dB=1 V/uPa

Moreover, our electrochemical hydrophone demonstrates
high sensitivity at low frequency, outperforming the other
three types of hydrophones. These results suggest that our
device holds significant potential for applications in
underwater acoustic target detection, sonar systems, and
unmanned underwater vehicles.

Conclusions

This study introduces design, fabrication, and char-
acterization of a new co-oscillating electrochemical vector
hydrophone with high performances in low frequency
bandwidth. A new microgrooves-based integrated micro-
electrodes and a negative feedback mechanism was
employed in the electrochemical vector hydrophones for
the first time. The test results shown that the developed
hydrophone had high sensitivities, directivities and noise
performances. Most importantly, it realized a high-
sensitive underwater acoustic detection with wider 3 dB
bandwidth in the low frequency bandwidth, which is
difficult for other vector hydrophones to achieve, showing
its application prospect in the field of underwater acoustic
detections.
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